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ABSTRACT
Retrotransposons, a class of mobile elements, generate new copies in host genomes using
RNA intermediates and reverse transcribing new copies into new loci. As such, the copy
numbers of many active retrotransposon families increase dramatically over time. For example,
~42% of the human genome is comprised of retrotransposon sequences. The insertion activity of
these elements, and the high degree of identity existing between the copies, have been shown to
significantly impact the structure and stability of genomes, contributing in various ways from
exon shuffling to inversions and from non-allelic homologous recombination to altering gene
regulation. The two most successful mobile element lineages in primate genomes are LINE-1
(Long Interspersed Element-1) and Alu elements. Full-length LINE-1, or L1, elements are
>6,000 bp in length and possess open reading frames encoding their own mobilization enzymes.
Alu elements are a primate-specific family of SINEs (Short Interspersed Elements) that are ~300
bp in length and must hijack the enzymatic machinery of L1s for their mobilization.
The mechanism by which most L1 and Alu insertions occur is called Target Primed
Reverse Transcription (TPRT). The structure of an insertion can be examined to determine if it
is the result of TPRT, and many examples exist of loci that inserted in non-canonical fashions.
We computationally searched through all assembled primate genomes and identified a group of
atypical L1 insertions, all of which were truncated with homopolymeric stretches of thymine at
their 5’ ends within the target site duplications, but which otherwise showed hallmarks of TPRT.
We propose two possible mechanisms whereby these insertions may be explained, a variant of
twin priming and a mechanism we term dual priming.
Because most retrotransposon insertions are found in non-coding regions of genomes,
they are essentially neutral with respect to natural selection. These elements, therefore, can serve
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as excellent markers for reconstructing phylogenetic relationships. Alu elements, in particular,
have been very successful throughout the primate radiation. We computationally screened the
complete, unassembled sequence of the Northern white-cheeked gibbon (Nomascus leucogenys
leucogenys) to identify 132 gibbon-specific Alu insertions. These insertions were then used to
reconstruct a robust genus-level phylogeny of family Hylobatidae.
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CHAPTER ONE:
BACKGROUND

1

The Age of Genomics
Genomics consists of the investigation of the content, organization, and function of the
complete set of an organism’s genetic material. When first coined in 1920, the word genome
was used to refer to the complete haploid set of chromosomes for any given organism (Winkler
1920). At the time, geneticists were investigating the banding patterns of chromosomes. The
deeper structure of genetic information was not yet clear. Our understanding of the molecular
basis of biology steadily improved, however, and in 1953, the molecular structure of DNA was
solved (Watson and Crick 1953). For almost the next two and a half decades, researchers
worked to create the tools and understanding needed to read the genetic code at the nucleotide
level. It was 1977 when Fred Sanger’s lab published the first complete genome of a virus, the
bacteriophage Phi X174 (Sanger, Air et al. 1977). Although this viral genome was only 5,368
base pairs (bp) long, the impact of this scientific feat should not be underestimated. Since then,
the complete genomes of hundreds of organisms have been sequenced. Many of the early
genomes were viruses and bacteria, which have relatively small genomes. But, as DNA
sequencing technology improved and costs decreased, the numbers and sizes of genomes
sequenced have continued to expand.
The publically funded Human Genome Project was started in 1990 and took eleven years
to produce its first published draft at a cost of $3 billion (Lander, Linton et al. 2001). In 1998, a
second human genome project funded by Craig Venter’s group, Celera Genomics, began
(Venter, Adams et al. 2001). This effort finished simultaneously with the public effort and only
cost $300 million. Since then, at least eleven more complete human genomes have been
published and the cost of sequencing a human-sized genome (~3 billion bp) has dropped to just
over $10,000. Non-human genome sequencing efforts have continued to increase in number and
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speed as well. For example, the complete genomes of 34 vertebrate and 26 invertebrate species
are available for download from the University of California Santa Cruz Genome Bioinformatics
website, and this represents only one of several online repositories of such genomes. Of
particular interest to my research are the complete primate genome sequence assemblies that
have been published. These include the chimpanzee (Consortium 2005), orangutan (Locke,
Hillier et al. Under Revision), and rhesus macaque (Gibbs, Rogers et al. 2007), which are
currently available in their assembled forms. A number of other primates, including the gibbon
and mouse lemur, have been fully sequenced but are not yet assembled.
The sheer amount of data represented by the collection of complete genomes has
necessitated the development of entirely new suites of computational tools to allow researchers
to characterize, analyze, and manipulate these sequences. The role played by bioinformatics in
genomic research will only increase in importance in the coming years. Ongoing efforts such as
the 1000 Genomes Project (Durbin and Consortium 2010) and the Human Microbiome Project
(Turnbaugh, Ley et al. 2007) will assure that the amount and quality of the genomic data
available to researchers will continue to increase exponentially, and within the next decade, we
will likely see personal genomics, the use of complete genome sequences to help inform the
medical decisions of individuals, become commonplace.

Mobile Elements
The human genome consists of a relatively small fraction (~1.4%) of coding DNA
(Lander, Linton et al. 2001). The rest of the material is non-coding, much of which is highly
repetitive sequence. Some of this repetitive sequence is composed of simple, tandem, repeated
motifs, such as microsatellites or minisatellites. Fully half of the genome consists of non-coding
DNA that does not match any classification. However, the remaining ~45% of the human
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genome is comprised of mobile elements, also known as transposons (Cordaux and Batzer 2009).
These are sequences of DNA capable of moving within the genome and, in some cases, of
making copies of themselves.
Mobile elements were first discovered by Barbara McClintock in the middle of the last
century in the course of her work studying color mosaicism in maize (McClintock 1950;
McClintock 1956), an accomplishment for which she received the Nobel Prize in 1983.
McClintock’s elements were DNA transposons, which mobilize in DNA form by excising
themselves from the genome and reinserting at a new locus (Smit 1996). Since this method of
mobility does not include the generation of new copies of the elements, the total sequence
attributed to DNA transposons remains relatively small (e.g. ~2.8% of the human genome)
(Cordaux and Batzer 2009). DNA transposons are active in many mammalian genomes, though
they appear to have become inactive in the primate lineage leading to humans approximately 37
million years ago (Pace and Feschotte 2007).
Another category of transposable elements, retrotransposons, comprises the majority of
the repetitive sequences found in mammalian genomes. Unlike DNA transposons,
retrotransposons mobilize using RNA intermediates, resulting in one copy remaining at the
original locus while a new copy is inserted elsewhere via reverse transcription (Smit, Toth et al.
1995; Batzer and Deininger 2002). The expansion in copy number certain to accompany this
mobilization pattern has resulted in 42% of the human genome being comprised of
retrotransposon sequences (Cordaux and Batzer 2009).
Retrotransposons can be further subdivided into autonomous and non-autonomous
retrotransposons. Autonomous retrotransposons can be categorized into long terminal repeat
(LTR) and non-LTR elements. In the human genome, the LTR elements include human
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endogenous retroviruses (HERVs), while non-LTR elements include long interspersed elements
(LINEs). Non-autonomous elements of the human genome are generally classified as either
short interspersed elements (SINEs), such as the Alu element, or as SVAs, a composite element
consisting of a SINE-like region, a variable number of tandem repeats (VNTR) region, and a
region including HERV-like sequence (Xing, Wang et al. 2006; Cordaux and Batzer 2009). The
autonomous retrotransposons encode the enzymatic machinery necessary for their own
retrotransposition, while non-autonomous elements do not. The non-autonomous elements,
therefore, often co-opt the enzymatic machinery of autonomous elements for their mobilization.
Of particular interest to the study of primate mobile element biology is the interaction between
the autonomous LINE-1 (L1) elements and the non-autonomous Alu and SVA elements, which
hijack the retrotranspositional machinery of the L1 (Schmid 2003; Wang, Xing et al. 2005).
The evolutionary origin of L1s was >150 million years ago, and as such, they are
widespread in most mammals. L1 sequences comprise ~17% of the human genome and are
present in a copy number of ~512,000 (Lander, Linton et al. 2001; Brouha, Schustak et al. 2003).
A full-length L1 element is ~6kb in length, has 5’ and 3’ untranslated regions (UTRs), two open
reading frames (ORFs) separated by a short intergenic spacer (IS), and a variable length poly(A)
tail (Figure 1.1). The 5’ UTR contains an RNA polymerase II promoter and the 3’ UTR contains
the polyadenylation signal (Kazazian and Moran 1998; Deininger and Batzer 2002). ORF1

Figure 1.1 – Illustration of the structure of an L1 element. The L1 insertion is bounded on
either end by target site duplications (TSDs, yellow). Within the L1 sequence are 5’ and 3’
untranslated regions (UTRs, purple), two open reading frames (ORF1, green; and ORF2, blue)
separated by an intergenic spacer (IS, light green), and a poly(A) tail (red). The grey bars
indicate 5’ and 3’ flanking genomic sequences.
5

encodes a protein with RNA-binding activity, while the ORF2 protein has L1 endonuclease (EN)
and reverse transcriptase (RT) activity (Mathias, Scott et al. 1991; Feng, Moran et al. 1996; Jurka
1997; Kolosha and Martin 1997). These proteins make possible the reverse transcription of the
L1 mRNA intermediate into a new locus in the genome. They are also utilized for the same
purpose by the smaller, but more numerous, Alu elements.
Alu elements are a primate-specific SINE that evolved from a 7SL RNA ~65 million
years ago. Since then, they have experienced a remarkable expansion, reaching a copy number
of ~1.1 million in the human genome and representing >10% of its total sequence. The typical,
full-length Alu element is ~300bp in length and has a dimeric structure derived from its 7SL
RNA ancestry (Ullu and Tschudi 1984; Okada 1991; Kriegs, Churakov et al. 2007) (Figure 1.2).
The left monomer contains intact A and B boxes that encode an RNA polymerase III promoter
and is separated from the right monomer by a short, A-rich region. Like the L1, the Alu element
ends in a variable length poly(A) tail (Batzer and Deininger 2002; Cordaux and Batzer 2009).

Figure 1.2 – Illustration of the structure of an Alu element. The Alu element is bounded on
either end by target site duplications (TSDs, yellow). Within the Alu sequence are a left and
right monomer (green and blue, respectively) separated by an A-rich region (light green) and the
element ends with a poly(A) tail (red). The A and B boxes comprising the internal promoter are
found in the left monomer (purple boxes). The grey bars indicate 5’ and 3’ flanking genomic
sequences.

Retrotransposon Mobilization
Both L1 and Alu elements are thought to utilize a pathway called target primed reverse
transcription (TPRT) to insert new copies into the genome (Figure 1.3) (Luan, Korman et al.
1993; Cost, Feng et al. 2002). TPRT begins when the L1 EN cleaves the bottom strand of the
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Figure 1.3 – Classical target primed reverse transcription (TPRT). (a) The source element
(blue) is transcribed into mRNA (green). (b) The L1 endonuclease cuts the bottom strand at its
preferred motif (5’-TTTT/A-3’) at a new location in the genome, producing a poly(T) overhang
to which the poly(A) tail of the retrotransposon mRNA anneals. The top strand is also nicked via
an unknown mechanism. (c) The L1 reverse transcriptase primes at the annealing site and
reverse transcribes the mRNA into a new DNA copy of the retrotransposon (violet). Top strand
synthesis then occurs using the new copy as a template (blue). (d) Target site duplications
(TSDs; yellow) are formed at either end of the new insertion (blue) via normal single-strand
repair mechanisms due to the staggered nature of the bottom and top strand cuts.
target site. This EN has a preferred cleavage motif (3’-AA/TTTT-5’), which provides a poly(T)
stretch to which the poly(A) tail of the retrotransposon mRNA anneals. The L1 RT primes at
this annealing site and reverse transcription begins at the free 3’ hydroxyl group found at the
cleavage site. Then, the top strand is cleaved, the cDNA copy of the mRNA is integrated into
the bottom strand, and top strand synthesis occurs using the cDNA copy as a template (Fanning
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and Singer 1987; Luan and Eickbush 1995; Feng, Moran et al. 1996). The resulting new
retrotransposon insertion is flanked on either side by target site duplications (TSDs), which are
the result of the offset between the bottom and top strand nick sites as well as the activity of
nucleases that may erode the ends of the cleavage site during integration (Szak, Pickeral et al.
2002; Babushok and Kazazian 2007).
Depending on where these new copies insert themselves into the genome, a number of
consequences are possible. Should the insertion occur within an exon or splice site of a gene,
then the resulting gene product will be altered. Insertions that disrupt promoters or other
regulatory regions can affect the expression a gene (Batzer and Deininger 2002; Wheelan,
Aizawa et al. 2005; Hedges and Deininger 2007). Most retrotransposons within the genome are
inactivated by DNA methylation. This is likely a genomic defense mechanism to suppress the
mobilization of these elements. As targets for DNA methylation, however, new insertions may
result in the reduction of transcriptional activity in nearby coding sequences. (Slotkin and
Martienssen 2007; Lees-Murdock and Walsh 2008; Hollister and Gaut 2009; Kano, Godoy et al.
2009; van der Heijden and Bortvin 2009). In the above scenarios, the net effect of
retrotransposon insertion is likely to be deleterious and, indeed, such insertions have been
implicated as causes of a number of human diseases (Boissinot, Entezam et al. 2001; Schmid
2003). However, as mentioned previously, the genome consists of far less coding and regulatory
sequence than it does repetitive non-coding and non-regulatory sequence. Most new insertions
are found in these regions and are, therefore, neutral with respect to selection (Cordaux, Lee et
al. 2006).
Retrotransposon copies contribute significantly to the fluidity of the genome in which
they reside, and not only through the addition of their sequences in ever increasing copy number.
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Some L1s transduce flanking genomic sequences from the source loci (Moran, DeBerardinis et
al. 1999; Xing, Wang et al. 2006). During their reverse transcription, they can create insertionmediated deletions, in which portions of the original target site sequence are lost (Figure 1.4a)
(Gilbert, Lutz-Prigge et al. 2002; Han, Sen et al. 2005). The high degree of homology between
copies within the same subfamily of mobile elements allows those copies to act as sites of nonallelic homologous recombination (NAHR) between insertion loci. These recombination events
may be mutually reciprocal, in which the resulting loci do not gain or lose any net sequence.
However, unequal recombination between retrotransposon copies results in recombinationmediated deletions and duplications of flanking genomic sequences (Figure 1.4b) (Sen, Han et al.
2006; Han, Lee et al. 2007; Han, Lee et al. 2008). Additionally, NAHR can result in inversions
of sequence between two recombining mobile element insertion loci (Figure 1.4c) (Lee, Han et
al. 2008). Thus, through both their activity during insertion and their tendency toward
recombination after insertion, these elements function as engines of genomic dynamism.
In chapter two, we investigate L1 insertion loci exhibiting non-standard sequence
architecture. After computationally and experimentally screening all available and assembled
primate genomes (human, chimpanzee, orangutan, rhesus macaque, and marmoset), 39 loci were
found to be truncated, inverted L1s flanked by TSDs. Interestingly, the loci included a
homopolymeric stretch of thymine within the TSDs at the 5’ end of the sense-oriented L1
insertion. We propose two possible mechanisms to explain the aberrant sequence architecture
observed: a variant of twin priming, which is itself a variant of TPRT, or dual priming, a
mechanism we introduce here. We discuss the possibility that the homopolymeric stretches
associated with such loci may contribute to genomic fluidity and serve as targets of future
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retrotransposon insertions (Shibata, Peinado et al. 1994; Arcot, Wang et al. 1995; PaoloniGiacobino and Chaillet 2007).

Figure 1.4 – Mechanisms by which retrotransposon insertions contribute to genomic
diversity. (a) Insertion-mediated deletion. The insertion of the retrotransposon (blue) results in
the loss of a portion of the pre-insertion sequence adjacent to the insertion site (yellow). (b)
Recombination-mediated deletion and duplication. Non-homologous allelic recombination
between copies of the same retrotransposon (blue and green) on different sister chromatids
results in a deletion on one chromatid and a duplication on the other. Arrows indicate the
orientation of each insertion. Note the characteristic chimeric insertion generated in each case.
(c) Recombination-mediated inversion. Non-homologous allelic recombination between two
copies of the same element in present on the same chromosome, but in opposite orientations,
results in the creation of chimeric insertions as well as the inversion of the intervening sequence
as indicated by the direction of the arrows.
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Retrotransposons as Phylogenetic Markers
Charles Darwin first wrote of his concept of common descent from shared ancestry in
1859 (Darwin 1859). This underpins the idea of identity by descent with which we may view
identical retrotransposon insertions found at orthologous loci in different lineages. The TSDs
produced during TPRT allow the reconstruction of the pre-insertion sequence for many
retrotransposon insertion loci, which can be paired with available bioinformatic tools such as the
BLAT software suite to examine orthologous loci in many species. Experimental verification
using relatively simple and inexpensive PCR and gel electrophoresis assays allow the typing of
each locus by size to determine whether an individual shares an insertion at a specific locus or
not (Han, Konkel et al. 2007; Xing, Wang et al. 2007). Since the ancestral state of an insertion
locus is known to be the absence of the insertion, retrotransposon insertion data can be used as
valuable markers to inform forensic, population genetic, and phylogenetic studies (Cordaux,
Srikanta et al. 2007; Herke, Xing et al. 2007; Ray, Walker et al. 2007; Warren, Hillier et al.
2008). In addition to their ease of use, retrotransposons are also noteworthy markers because
potentially homoplasious events, such as incomplete lineage sorting, parallel independent
insertion, and precise deletion, are rare and relatively simple to identify (Ray, Xing et al. 2006).
The gibbons, or lesser apes (Hylobatidae), represent the largest clade of extant apes
(Hominoidea) and are the sister taxon to the great apes (Hominidae), the two lineages having
diverged 15-18 million years ago (Carbone, Harris et al. 2009). They comprise >12 species that
are currently classified into four genera (Roos and Geissmann 2001; Chatterjee 2006). This
group can provide a valuable perspective on the phylogenetic link between the great apes and the
Old World monkeys (Cercopithicoidea), as well as a useful position just prior to the radiation of
the great apes. Many of these species are threatened or endangered, however, and have been
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extirpated from large sections of their historical ranges. Conservation efforts for these rare and
important animals are sometimes impeded by difficulties in species identification resulting from
the similar colors, morphology, and vocalizations of many species (Mootnick 2006). An Alubased phylogeny for gibbons would aid in resolving the relationships within this group and
provide a valuable resource for conservation workers to quickly classify individuals in their
captive breeding programs (Herke, Xing et al. 2007).
In chapter three, we discuss the use of Alu elements in the construction of a phylogeny of
gibbons. The full, unassembled genome of the Northern White-Cheeked Gibbon (Nomascus
leucogenys leucogenys) was downloaded from the Ensembl database system (Hubbard, Aken et
al. 2009). The genome was subjected to RepeatMasker analysis (Smit 1996-2004). It was
subsequently noticed that many of the loci identified as members of the AluYc3 subfamily
appeared to be gibbon-specific, so all members of this subfamily were collected and subjected to
analysis using the BLAT software suite (Kent 2002). Of these 9,701 loci, 430 computational
candidates were found to indeed be gibbon-specific. A total of 132 loci, of which 109 were
phylogenetically informative, were used to generate a phylogenetic tree of the Hylobatidae using
the Dollo parsimony method (Felsenstein 1979), showing statistically significant likelihood
support for all internal nodes (Waddell, Kishino et al. 2001). We compare and contrast our
topology to those reconstructed from previous studies using other markers (Geissmann 1995;
Roos and Geissmann 2001; Muller, Hollatz et al. 2003; Takacs, Morales et al. 2005; Chatterjee
2006).
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CHAPTER TWO:
HEADS OR TAILS: L1 INSERTION-ASSOCIATED 5’
HOMOPOLYMERIC SEQUENCES*

*Reprinted by permission of BMC Mobile DNA
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Background
Retrotransposons, mobile elements that move via a “copy and paste” mechanism, called
retrotransposition, are ubiquitous in primate genomes (Smit, Toth et al. 1995; Cordaux and
Batzer 2009). L1s, members of the long interspersed element (LINE) family of non-long
terminal repeat (LTR) retrotransposons, comprise as much as ~17% of primate genomes, are
present in copy numbers of approximately 520,000, and have actively molded primate genomic
architecture for the last 65 million years (Smit 1996; Lander, Linton et al. 2001; Brouha,
Schustak et al. 2003). During their mobilization, they generate insertions containing L1
sequence and, in some cases, transduced sequence and deletion of adjacent genomic sequence
(Moran, Holmes et al. 1996; Moran, DeBerardinis et al. 1999; Gilbert, Lutz-Prigge et al. 2002;
Han, Sen et al. 2005). Long after insertion, however, L1s can serve as sites of non-allelic
homologous recombination, resulting in the loss, gain, and inversion of genetic material (Han,
Lee et al. 2008; Lee, Han et al. 2008). In these ways, L1s have been shown to disrupt genes,
cause disease states, and contribute to the expansion and contraction of the genome (Belancio,
Hedges et al. 2006; Konkel, Wang et al. 2007; Oliver and Greene 2009).
These autonomous retrotransposons contain a 5’ untranslated region (UTR) with an RNA
polymerase II promoter, two open reading frames (ORFs), and a 3’ UTR encompassing a
poly(A) tail; full-length L1s are ~6kb long (Kazazian and Moran 1998). ORF1 encodes an
RNA-binding protein with nucleic acid chaperone activity and ORF2 encodes both a reverse
transcriptase (RT) and an endonuclease (EN) (Mathias, Scott et al. 1991; Feng, Moran et al.
1996; Jurka 1997; Kolosha and Martin 1997). The L1 EN and RT are integral to an insertion
process, termed target primed reverse transcription (TPRT), used by L1s to insert de novo copies
of themselves into their host genomes (Luan, Korman et al. 1993) (Figure 2.1a). Non-
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Figure 2.1 - Classical TPRT, twin priming, variants of twin priming, and dual priming
mechanisms. (a) A schematic of classical TPRT. The poly(A) tail of an L1 mRNA anneals to
the target site created by L1 EN. L1 RT primes at the target site and synthesizes the bottomstrand cDNA. A subsequent second-strand nick and synthesis results in an L1 insertion with a 3’
poly(A) flanked by TSDs. (b) Twin Priming. In this variant of TPRT, after the second-strand
nick, a site internal to the mRNA anneals to the top strand overhang. A second RT molecule
primes at this site, generating an inverted L1 cDNA. (c) This twin priming variant involves the
disengagement of the first RT before reaching the end of the poly(A) tail, resulting in an
insertion with a 5’ poly(T) stretch, but lacking a 3’ poly(A) tail. Like classical twin priming, this
mechanism results in an inverted L1 structure. (d) A second twin priming variant creates an
insertion with both a 3’ poly(A) tail and a 5’ poly(T) stretch. The first RT falls off before
reaching the end of the poly(A) tail. (e) Dual Priming. Classical TPRT involving the first
mRNA begins on the first strand. After the second strand nick, a second mRNA anneals to the
second strand and undergoes classical TPRT. Note that this panel is rotated 180° relative to the
orientation of all other panels. This is done to show that the resulting insertion will appear the
same to computational filters as the above twin priming variant.
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autonomous retrotransposons, like Alu and SVA elements, use the L1 retrotransposon enzymatic
machinery for their own mobilization via TPRT (Batzer and Deininger 2002; Ostertag, Goodier
et al. 2003).
The classical TPRT mechanism involves a single nick on the bottom strand at a looselypreferred cleavage motif (e.g. 5’-TTTT/A-3’) by the EN, leaving a free 3’ hydroxyl group at the
nick site. The L1 mRNA then anneals to the nick using its poly(A) tail and L1 RT uses this
mRNA as a template for reverse transcription beginning at the free 3’ hydroxyl group. Top
strand cleavage, integration of the cDNA, and synthesis of a top strand complement to the cDNA
complete the insertion, leaving the structural hallmarks of classical TPRT: intact target site
duplications (TSDs), a typical EN cleavage site motif, and a variable length poly(A) tail
(Fanning and Singer 1987; Luan, Korman et al. 1993; Feng, Moran et al. 1996; Szak, Pickeral et
al. 2002). While full-length L1s are ~6kb in length, many L1 insertions are 5’ truncated
(averaging ~900bp in length) and no longer able to actively retrotranspose (Kazazian and Moran
1998; Myers, Vincent et al. 2002; Szak, Pickeral et al. 2002; Konkel, Wang et al. 2007).
Anomalies observed in TPRT-inserted copies have led to the proposal of variant mechanisms,
such as internal and twin priming, that account for non-standard sequence architecture for TPRTinserted elements (Figure 2.1b) (Ostertag and Kazazian 2001; Gilbert, Lutz-Prigge et al. 2002;
Kazazian and Goodier 2002; Kulpa and Moran 2006; Srikanta, Sen et al. 2009). Recent studies
have shown that insertions using twin priming lead to new retrogene formation, limit L1
expansion, and cause genome instability (Ostertag and Kazazian 2001; Kojima and Okada 2009).
A recent human genome-wide analysis led to the discovery of homopolymeric thymine
(poly(T)) stretches just upstream of truncated L1 insertions (Srikanta, Sen et al. 2009). Intrigued
by these homopolymeric stretches associated with loci having many hallmarks of classical
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TPRT, we performed a computational analysis of the available assembled primate genomes,
experimentally verified the resulting candidates, and describe herein the characteristics typical of
these loci (Figure 2.2a). We refer to and examine all candidate loci as poly(T) stretches 5’ of
sense-oriented L1s, though the mechanisms we propose that may account for this appearance
suggest that these poly(T) stretches are, in fact, the poly(A) tail of a complex retrotransposon
insertion involving inverted L1 sequence. Here we report 39 examples and, as mechanisms to
account for the observed structures, we propose two variants of twin priming that result in an
inversion-deletion of the L1 sequence and introduce dual priming, a mechanism involving the
priming of both bottom- and top-strand nicks by two different mRNAs (Figure 2.1c-e). The
resulting homopolymeric stretches generated by these events may act as sites of genomic
instability and as potential targets for future retrotransposon insertions.

Figure 2.2 - Investigation of candidate loci and variations within the homopolymeric
stretches. (a) A triple alignment of pT684 to two outgroup species, the rhesus macaque and the
common marmoset. The TSDs are highlighted in grey, the poly(T) stretch in green, and the L1 is
highlighted in blue. (b) A gel chromatograph of PCR products depicting an insertion present in
humans, chimpanzees, gorillas, and orangutans, but absent in rhesus macaque and owl monkey.
(c) Internal primers were designed around the poly(T) stretches for all human-specific loci; two
loci are shown here. For each locus, HeLa DNA and a mixture of the DNA of 80 human
individuals was run out on a 4% agarose gel with 100bp and 20bp ladders. No within-species
variation in poly(T) length was observed.
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Results and Discussion
Investigation of Homopolymeric Stretches at the 5’ Ends of Mobile Elements
To determine whether the homopolymeric stretches of nucleotides at the 5’ ends of
insertions were particular to poly(T)s, we first investigated the most complete assembled primate
genome available at the time of analysis, build hg18 of the human genome. Our computational
filters returned only those loci for which a simple repeat was found immediately upstream of an
L1, Alu, or SVA element. Poly(A)s were found to be the most numerous followed by poly(T)s
(527 and 170 loci, respectively) (Table 2.1). Poly(C) and poly(G) loci, on the other hand, were
Table 2.1 - Computationally-derived loci from assembled primate genomes. Computational
filters were used to detect loci based on the proximity (<20bp) of simple repeats to the 5’ end of
an L1.

poly(T)
poly(A)
poly(C)
poly(G)
Loci

H
C
O
Rh Combined:
169 183 290 276
918
522 646 809 909
2886
1
4
0
0
5
4
9
8
1
22
696 842 1107 1186
3831

relatively rare (1 and 5 loci, respectively). Close inspection of these loci revealed that only
poly(T) stretches were found between the 5’ TSD and the 5’ end of a sense-oriented
retrotransposon insertion. The numerous poly(A)s were found to be the poly(A) tails of
insertions interrupted by the insertion of another element, and were not restricted to the space
between the 5’ TSD and the 5’ end of an element. None of the poly(C)s or poly(G)s were found
within the TSDs and at the 5’ ends of retrotransposon insertions. Furthermore, none of the loci
associated with Alu or SVA insertions in the human genome were found to match our criteria.
Hence, we restricted further analyses in other primate genomes to the investigation of poly(T)s
found between the 5’ TSD and the 5’ end of an L1 insertion. The mechanism or mechanisms
responsible appear to involve only the creation of homopolymeric thymine stretches upstream of
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L1s. These observations implicate the autonomous machinery associated with L1s as necessary
components in the insertion process.
Characterization of Candidate Loci
Of the 918 loci, our computational filters produced, 54 passed our manual inspection, 39
of which also passed wet-bench verification (Table 2.2). These loci represent a total of ~37.9kb
of inserted sequence. The insertions ranged from 99 to 4697bp in total length, with an average
length of 971bp. Insertion-mediated deletions were virtually non-existent, with a total of only
5bp deleted relative to the pre-insertion sequence. In 17 of the 39 loci, the insertion locus
contained only the poly(T) stretch and the truncated L1. The remaining 22 loci included some
non-candidate L1 sequence inserted along with the candidate L1 and poly(T) stretch. This extra
sequence ranged in size from 4 to 2263bp, with an average of 319bp, and contributed a total of
~12.5kb of inserted non-candidate L1 sequence. The proposed mechanisms described below
allow for the addition of other mRNA sequence during the TPRT event and may account for the
observed non-candidate L1 sequence in these loci. For example, recent studies have described
retrogene formation through the twin priming mechanism, though analysis of our non-candidate
L1 sequence did not find evidence of this (Ostertag and Kazazian 2001; Kojima and Okada
2009). We believe none of our loci resulted in transduced sequence, and extra sequence inserted
with our candidate L1s likely represents “filler” DNA (Roth, Chang et al. 1989; Kojima and
Okada 2009). The TSDs ranged in length from 7 to 20bp, with an average of 14bp. The 5’
poly(T) stretches ranged from 14 to 39bp, with an average of 23bp. These poly(T) stretches
were subject to nucleotide substitutions, as expected with any sequence, but appeared relatively
well-conserved as non-(T) nucleotides contributed only 3.6% of the total length of all poly(T)s
(33 of 911bp). A comparison of poly(T) lengths among orthologs revealed evidence for some
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Table 2.2 - Candidate loci and insertion site characteristics.
TSD

L1 bp ins

Non L1 seq

Poly(T)

Lineage

pT44
pT79
pT415
pT512
pT546

Locus

chr1:80856707-80866878
chr11:104048005-104058372
chr3:181306257-181316602
chr5:83637882-83648058
chr6:69193896-69204810

Coordinates

14
11
16
18
16

653
1960
339
1406
927

487
1599
0
1165
0

23
25
29
26
23

H
H
H
H
H

pT439
pT684*

chr3:62933035-62943400
chr7:117312394-117332534

9
14

1116
157

758
0

21
20

HC
HC

pT1313
pT1350
pT1362
pT1389

chr3:147198235-147208351
chr6:55186000-55196486
chr7:89293399-89303535
chr9:97107198-97117833

17
15
9
14

369
470
2399
691

257
14
2263
68

23
32
26
20

C
C
C
C

pT43
pT1223
pT1279

chr1:72796354-72806494
chr1:59822991-59833038
chr18:44020257-44030483

16
17
15

112
1022
2015

0
4
1813

24
20
18

HCG
HCG
HCG

pT144
pT145
pT325
pT424
pT458
pT1309
pT1448

chr13:101611291-101621562
chr13:104133249-104143781
chr2:101586549-101596728
chr3:199260458-199270665
chr4:172846531-172856775
chr2b:226703516-226713749
chr11:86639999-86650182

8
11
16
14
17
13
9

1145
529
181
734
234
228
182

866
0
0
536
4
0
0

22
22
27
18
19
24
30

HCGO
HCGO
HCGO
HCGO
HCGO
HCGO
HCGO

pT1404
pT1416
pT1431
pT1465
pT1535
pT1538
pT1554

chr1:181059564-181069827
chr1:7600379-7611178
chr11:100399372-100409835
chr13:57849422-57859574
chr2a:44695595-44705774
chr2a:70854440-70864821
chr2b:66983758-66993962

15
13
10
15
15
11
17

913
791
456
175
165
377
174

654
0
12
27
0
0
20

23
21
21
17
23
23
21

O
O
O
O
O
O
O

pT1709
pT1712
pT1743
pT1785
pT1790
pT1798
pT1834
pT1846
pT1855
pT1896

chr10:72142313-72152683
chr11:100852416-100862528
chr13:4175512-4185626
chr17:40754900-40765052
chr17:68109266-68119556
chr18:71236237-71246385
chr3:159608718-159618930
chr3:75648970-75659040
chr4:153605855-153616110
chr6:3989032-3999144

13
20
13
15
14
7
17
14
17
15

379
105
98
1390
294
252
457
61
252
97

0
0
0
1244
0
118
257
8
0
0

21
34
19
34
39
19
14
16
21
36

Rh
Rh
Rh
Rh
Rh
Rh
Rh
Rh
Rh
Rh

pT1796

chr18:36523812-36534192

9

665

294

17

HCGORh

* Indicates locus previously described in (Srikanta, Sen et al. 2009).
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post-insertional modification (Figure 2.2b). However, further inspection of our human-specific
loci through gel electrophoresis and Sanger cycle-sequencing showed no variation between
individuals (Figure 2.2c). The candidate L1s ranged from 61 to 2399bp, with an average length
of ~615bp (Table 2.2). None of our candidate loci were intragenic and they appear to have
inserted randomly throughout the genome. While we find no full-length L1s in our dataset, the
limited number of loci and likely biases of our proposed mechanisms against full-length
insertions make this unsurprising.
Alignment to Ancestral Full-Length Consensus Sequences and Subfamily Contributions
Most L1s in the genome are 5’ truncated, and L1 3’ truncation is relatively rare (Kazazian
and Moran 1998; Ostertag and Kazazian 2001; Myers, Vincent et al. 2002; Brouha, Schustak et
al. 2003). In all but two of our loci, the L1s were found to have substantial 5’ truncations,
aligning close to or at the 3’ end of their corresponding consensus sequence. The two exceptions
to this trend are pT1309 and pT1362, which are heavily 3’ truncated and align near, but not at,
the beginning of their respective consensus sequences. In 11 of the 37 heavily 5’ truncated loci,
a short but identifiable section of the poly(A) tail is present. The remaining 26 loci, while
aligning near the 3’ end of the consensus, do not reach the poly(A) tail, and are therefore 3’
truncated as well (Figure 2.3).
The pre-insertion structure of each locus was determined through triple-alignment with
its orthologs in two outgroups that did not contain the insertion (Figure 2.2a). Two New World
monkeys (Haplorrhines), the common marmoset and owl monkey, were used as outgroups when
investigating Catarrhine-specific loci (those shared between humans, chimpanzees, gorillas,
orangutans, and Old World monkeys). Haplorrhine-specific loci, however, were not investigated
in this study, and though loci shared between the Catarrhines and Haplorrhines were recovered
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by our computational filters (data not shown), these were excluded from our analyses because a
suitable, sequenced outgroup lacking the insertions was not available. Our findings that these
loci occur throughout the region of the primate tree investigated, in both lineage-specific
instances and as shared insertions dating from before the divergence of Haplorhines and
Catarrhines (~40 mya) (Smit, Toth et al. 1995; Goodman, Porter et al. 1998), suggest that
whatever mechanism or mechanisms cause this distinct sequence architecture has occurred in
primate lineages from ancient to recent times.
Analysis of the Junctions within Poly(T) Loci: Microhomology and Target Site Analyses
Inspection of microhomology at the junctions between TSDs and inserts is useful in
distinguishing between competing mechanisms (Ostertag and Kazazian 2001; Han, Sen et al.
2005; Zingler, Willhoeft et al. 2005; Sen, Huang et al. 2007). We analyzed the microhomology
of three junctions within each locus: the points where the TSDs met the insertion, both 5’ and 3’,
as well as the internal point where the poly(T) stretch met the L1 insertion (Figure 2.4a). For the
5’ junctions, we reverse complimented our sequences, which allowed us to examine our loci as if
the candidate L1s had been inserted in the antisense fashion. We found significant
microhomology (p-value <0.001) at positions one through four of the 3’ insertion junction and at
all six of the positions analyzed at the 5’ insertion junction. There was no significant
microhomology found at the internal junction between the poly(T) stretch and the truncated L1
(Figure 2.4a, b). To verify the position of the internal junction and reduce any errors attributable
to RepeatMasker, we aligned the reverse-complemented poly(T) stretch and 50bp downstream to
an L1 consensus sequence. If RepeatMasker had miscalled the end of the L1 element, we should
have been able to align some portion of this reverse complemented stretch to the 3’ end of the L1
consensus. As we were unable to find any alignment between these sequences and the 3’ end of
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Figure 2.3 - Alignment of candidate L1s to their L1 consensus sequences. Schematic of the
position of each candidate L1 when aligned against an L1 consensus sequence. Stars indicate
that the 3’ end of the locus aligns to a portion of the poly(A) tail in the consensus. Loci are
color-coded to indicate in which species each was found.
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the consensus, we concluded that our internal junctions were correctly identified. We further
suggest that the internal junction was repaired using non-homologous end-joing (NHEJ), rather
than finding microhomologous points.

Figure 2.4 - Microhomology and comparison of insertion site characteristics of each locus.
(a) An analysis of the microhomology of the six nucleotides adjacent to each insertion junction
(with “1” indicating the nucleotide closest to the insert) to the corresponding sequence in the
putative mRNA. Exclusion of a junction from analysis is indicated by a (-) and positions where
microhomology is found are shaded grey. Those positions at which significant microhomology
were found are highlighted in blue. (b) A binomial distribution analysis of the 6bp at each
junction revealed significant microhomology at both the 3’ and 5’ junctions of the insertions. No
significant microhomology was found at the internal junction. P-values highlighted in blue are
significant at p<0.001. (c) A WebLogo analysis of the 6bp found at the 3’junction. The logo
supports our finding of microhomology at this junction, and is consistent with the expected motif
at the L1 EN cleavage site.
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A comparison of the target sites of our loci to the canonical TPRT L1 EN cleavage site
(5’-TTTT/A-3’) was also performed in order to determine whether L1 EN was involved in the
production of these loci. When our loci were oriented such that our candidate L1s were in the
sense orientation, the 3’ junctions did not closely match the expected pattern. However, when
this analysis was performed on the reverse complement of the 5’ junction, we found almost no
deviation from the canonical EN cleavage site (Figure 2.5). This finding is emphasized by a
sequence logo of the 5’ ends of our TSDs showing a strong preference for (T)s at the first five
positions of that junction (Figure 2.4c) (Crooks, Hon et al. 2004). This is consistent with a
process involving L1 enzymatic machinery and suggests that our candidate L1s were actually
inserted in the antisense orientation and that the poly(T) stretch is a portion of the poly(A) tail of
the insertion.
Elimination of Possible Mechanisms that Could Account for Observed Sequence
Architecture
Several possible insertion mechanism variants were considered as potentially leading to
the distinct sequence architecture observed at these loci. First and most simply, these loci could
be the result of assembly errors in the published genomes. Rigorous inspection of sequences
across all available primate genomes, as well as PCR verification and sequencing eliminated
assembly error as a possible explanation. Homopolymeric stretches are known to expand and
contract as a result of post-insertion modification (e.g. strand slippage) (Levinson and Gutman
1987; Schlotterer and Tautz 1992; Arcot, Wang et al. 1995), and this may be advanced to explain
the poly(T) stretches associated with our loci. We did find evidence of such modifications when
we sequenced loci after PCR amplification on primate panels while investigating betweenspecies variation. However, the variation did not exceed 10bp. In the most extreme case of this
type of modification (pT458), an ortholog to a 19bp poly(T) stretch in the human was found to
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Figure 2.5 - L1 EN cleavage site analyses at the 5’ and 3’ junctions. For both the 5’ and 3’
target sites of each locus, the last four nucleotides of the target site and first nucleotide of the
flanking sequence were compared to the canonical L1 EN cleavage motif (5’-TTTT/A-3’). To
investigate the possibility that the candidate L1s were inserted in the antisense orientation, the 5’
target site was reverse complemented and analyzed. The black bars show the frequency of each
divergence value at the 3’ target site among our 39 loci, while the blue bars show values for the
5’ target sites. The 3’ target sites show more divergence from the typical EN cleavage motif than
the 5’ target site.
be only 9bp in the chimpanzee after sequencing. Most loci in our dataset, however, showed less
variation among orthologs. Also, when we analyzed the variation in poly(T) lengths within the
human species for each human-specific locus in the data set, no differences in size among
individuals were found (Figure 2.2c). In addition, post-insertion modification would be expected
to act on other homopolymeric stretches (poly(A)s, poly(C)s, and poly(G)s) with equal
frequency. Furthermore, stretches associated with L1s should be just as likely as those
associated with Alu and SVA elements to expand in this manner. Our data indicate that this
phenomenon is restricted to poly(T) stretches and we have only recovered loci matching the
described sequence architecture from candidates involving L1s. Therefore, while we
acknowledge that homopolymeric stretches may undergo expansion and contraction, we reject it
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as an explanation accounting for the full length of our poly(T)s and the specific characteristics of
our loci.
After eliminating assembly errors and post-insertional modification as possible
mechanisms for this phenomenon, we searched for known mechanisms by which these structures
may be formed. Non-template base addition, RNA editing, and the activity of terminal
transferase have all been shown to add extra sequence onto the 5’ ends of L1 insertions (Garcia,
Robledo et al. 2004; Kiss, Jady et al. 2004; Gilbert, Lutz et al. 2005). However, these
mechanisms result in relatively short stretches of added nucleotides, which is inconsistent with
the large poly(T) stretches seen in this study. The RT of HIV has been shown to undergo a
reiterative mode of DNA synthesis resulting in repetitive sequences not present in the template of
a range of lengths inclusive of those we see in the poly(T) stretches of our loci (Ricchetti and
Buc 1996). While theoretically possible, this activity has not been reported in association with
any L1 RT. Additionally, this mechanism requires specific motifs in the template at the site of
the reiterative synthesis and we found no significant microhomology at our internal junctions
(Figure 2.4a, b) (Ricchetti and Buc 1996).
This led us to speculate about the possible involvement of cryptic promoter activity to
explain the observed patterns (Ling, Zhang et al. 2004). A cryptic promoter immediately
upstream to a pre-existing stretch of poly(T)s, which was itself upstream of an L1, could result in
a 5’ stretch of poly(T)s in a de novo insertion. Alternatively, a cryptic antisense promoter
located 3’ to an L1 locus could be hypothesized to generate an antisense L1 mRNA including
some 3’ flanking sequence at its 5’ end. Once reverse transcribed, this mRNA would produce a
de novo insertion corresponding to the sequence architecture we see in our loci. In this scenario,
the poly(A) tail added to the mRNA prior to insertion would appear to be a 5’ poly(T) stretch if
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the candidate L1 is viewed in the sense orientation. This would also account for why we see
non-candidate L1 sequence at the 3’ ends of 22 of our 39 loci. However, this mechanism should
also be easily identifiable by locating the original sequence, including the downstream antisense
promoter, elsewhere in the genome. In all 22 cases involving non-candidate L1 sequence,
original loci were not able to be reliably located, and we therefore conclude that cryptic
promotion, while possible, is inconsistent with our observations.
Twin Priming Events Resulting in Inverted Poly(A) Tails
Subsequently, we considered twin priming, a mechanism which did not at first appear to
be consistent with the patterns we observed in our loci. This mechanism results in L1 inversions
accompanied by internal deletions to the L1 sequence (Ostertag and Kazazian 2001; Gilbert,
Lutz-Prigge et al. 2002; Symer, Connelly et al. 2002). In this mechanism, the L1 mRNA anneals
using its poly(A) tail to the bottom strand EN nick site and an RT primes at this location and
begins to synthesize the L1 cDNA exactly as in classical TPRT (Figure 2.1a). However, once
the top strand is nicked, generating a 3’ overhang, this model proposes that a position internal to
the mRNA may anneal to the overhang, allowing a second RT molecule to prime and begin
synthesizing cDNA in the antisense orientation on the top strand. The resulting twin priming
insertion is characterized by TSDs bounding two inverted fragments of the same L1 and
containing an internal deletion of the L1 sequence (Figure 2.1b). An assumption of the twin
priming mechanism is that the second strand nick must occur before first strand reverse
transcription is completed (Ostertag and Kazazian 2001; Kojima and Okada 2009).
In light of our microhomology results, it seems likely that the poly(T) stretches at the 5’
ends of our L1s are, in fact, the poly(A) tails of the L1 insertions as reverse transcribed by the
first RT molecule of a twin priming event. To remain consistent with our observed sequence
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architecture, the first RT molecule must cease reverse transcription prior to the end of the
poly(A) tail of the mRNA, while the second, top-strand RT molecule of the twin priming event
synthesizes a portion of the L1. The resulting insertion would take the form of an antisense L1
followed by a sense-oriented poly(A) tail, the anti-parallel strand of which would present a
poly(T) stretch at the 5’ end of an L1 (Figure 2.2a). Our candidates would not have been
detected in previous studies of twin priming because these studies were specifically focusing on
loci containing two inverted L1 fragments within TSDs. Below, we discuss variations of the
standard twin priming model that may more accurately portray mechanisms that would result in
the observed patterns.
The target site analyses and microhomology results we obtained implicate a variant of
TPRT as the mechanism generating these loci. We found significant microhomology at the 5’
end of the poly(T) stretch and the 3’ end of the L1 insertion. Interestingly, it is not the 3’ target
site that closely resembles the canonical L1 EN cleavage site, but the complementary sequence
of the 5’ target site nearest the stretch of poly(T)s. As described above, our analysis of the
reverse-complemented sequence adjacent to the poly(T) stretch recovered no evidence of
inverted L1 sequence at this junction. While previous twin priming studies found some
microhomology at the internal junction, this was usually less than that found at the target site,
and in some cases, no microhomology was found (Ostertag and Kazazian 2001; Kojima and
Okada 2009). One explanation that may account for this appearance involves the poly(A) tail of
the element being reverse transcribed, but assumes that this first RT disengages prior to exiting
the tail and entering the L1 sequence proper. The other priming event, occurring internally on
the mRNA, then synthesizes a portion of the L1 cDNA. When viewed with the candidate L1 in
the sense orientation, the poly(A) tail is reverse complimented, forming a stretch of poly(T)s
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located 5’ to the L1 (Figure 2.1c). To determine if a short portion of non-inverted L1 sequence
was found after the poly(T) stretches, a simple check involving an alignment of the reverse
complement of the poly(T) stretch and following 50bp of our insertions to an L1 consensus could
find no match to the 3’ end of the consensus.
Eleven loci include short portions of a poly(A) tail at the 3’ end of the sense-oriented L1
sequence (Figure 2.3). For these loci, we propose a twin priming variant in which the poly(A)
tail of the mRNA was long enough to be the site not only of the initial priming event on the
bottom strand, but also the site of the internal priming event on the top strand (Figure 2.1d).
These two twin priming variants adequately explain all of our observed loci except those that
align close to the 5’ end of their consensus sequence (pT1309 and pT1362). We conclude,
therefore, that twin priming variants involving one transcription event that does not leave the
poly(A) tail could provide a potential explanation of the observed sequence morphology.
Dual Priming
We speculate that another mechanism, which we term “dual priming”, could result in the
same sequence characteristics described above. This mechanism involves two mRNAs
annealing to the two nick sites. The first mRNA anneals to the bottom strand and undergoes
normal TPRT, generating a sense-oriented L1 cDNA. After the top strand nick occurs, a second
mRNA molecule may anneal with its poly(A) tail to this top strand overhang, allowing a second
RT molecule to prime and generate a cDNA in the antisense orientation on the top strand (Figure
2.1e). If this top strand RT molecule disengages prior to exiting the poly(A) tail of its mRNA, it
would create the same sequence architecture predicted by the twin priming variants. We are
unable to distinguish between the twin priming and dual priming mechanisms given the current
data set. The computational filters used generated loci in which the gap between the poly(T)
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stretch and candidate L1 was ≤20bp, limiting the size of potentially identifiable non-inverted
mobile element sequence, making its identification via BLAT or RepeatMasker impossible at the
time of analysis. The authors hope future studies will validate the dual priming mechanism.
We found no microhomology at the internal junction of our loci; this aspect is less
consistent with the pattern of twin priming insertions observed in previous studies (Ostertag and
Kazazian 2001; Kojima and Okada 2009). If dual priming occurs, microhomology should also
be expected at the internal junction between the two cDNAs. This lack of microhomology at our
internal junctions suggests that it is unnecessary for either of these mechanisms. A recent study
of the effects of the NHEJ pathway on LINE retrotransposition implicated these proteins in the
joining of the 5’ ends of TPRT-mediated insertions (Suzuki, Yamaguchi et al. 2009). In a twin
or dual priming mechanism, the analogous position to the 5’ end of a classical TPRT-mediated
insertion is the internal junction. It was also indicated that NHEJ involvement resulted in
truncation, a characteristic shared by all 39 of our loci. We therefore speculate that repair at this
junction may, at least sometimes, be facilitated by NHEJ pathways instead of microhomologydependent pathways (Gottlich, Reichenberger et al. 1998; Ostertag and Kazazian 2001; Suzuki,
Yamaguchi et al. 2009).

Conclusions
A growing body of research has shown that L1 insertions have shaped the genomic
landscape across the Mammalia (Deininger, Moran et al. 2003; Cordaux and Batzer 2009).
Recent insights into variations in integration pathways have added a deeper level of
understanding of the dynamism lent by mobile elements to the genome. Our loci appear to have
inserted via a mechanism or mechanisms that make use of TPRT, but result in non-standard
insertion structures. Through a combination of computational data mining, PCR analysis, and
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Sanger cycle-sequencing, we have characterized a set of 39 truncated L1s with a poly(T) stretch
at the 5’ end of the insertion. Our analyses of the lineages throughout which our loci occur show
that this phenomenon is not specific to a particular lineage or period of retrotransposon
expansion. These features are largely consistent with twin or dual priming, but the lack of
microhomology at the internal junction may suggest a role for NHEJ proteins in the repair
process. The homopolymeric stretches resulting from these insertion events could act as sites of
instability, contributing to genomic fluidity (Shibata, Peinado et al. 1994; Denver, Feinberg et al.
2005; Paoloni-Giacobino and Chaillet 2007). This study further illustrates the impact L1s have
on their host genomes and adds to the diversity of insertion mechanisms.

Methods
Computational and Manual Inspection of Candidate Loci
We first downloaded RepeatMasker output for the hg18 assembly using the University of
California at Santa Cruz (UCSC) Table Browser utility (Smit 1996-2004; Kent, Sugnet et al.
2002). Next, we used in-house Perl scripts to find all loci at which RepeatMasker identified a
simple repeat (poly(A), poly(T), poly(C), or poly(G)) within 20bp upstream of either an L1,
SVA, or Alu element, resulting in 3831 computationally-derived loci. The anti-sense alternative
of each possibility was also accounted for in the scripts. The nibFrag utility bundled with the
BLAT software package (Kent 2002) provided sequence for each locus, including 5000bp
flanking sequences both up- and downstream of the locus. We used a local installation of
RepeatMasker to scan our loci on the sensitive setting in order to provide more accurate calls for
repeats in these sequences (Smit 1996-2004). After screening the human genome, it was
determined that no locus involving an upstream poly(A), poly(C), or Poly(G) signal was found to
match our search criteria, and that these loci would likely make up an insignificant number of
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targets in the non-human genomes as well. Thus, poly(A)s, poly(C)s, and poly(G)s were
excluded from further analysis. Alu and SVA elements were also not found to be involved loci
matching our search criteria and were eliminated from the screenings of the chimpanzee,
orangutan, and rhesus macaque genomes. The common marmoset genome (calJac1) was not
used as a source of loci because, at the time of publication, this genome was only available in
contig form as opposed to the fully assembled primate genomes. However, it was used during
the manual inspection of loci. In all, this computational filtering process produced a set of loci
from the four assembled primate genomes (human (hg18), chimpanzee (panTro2), orangutan
(ponAbe2), and rhesus macaque (rheMac2)) numbering 918 (Table 2.1).
These computationally-derived loci with added flanking sequence were then used to
query the possible outgroup genomes (human, chimpanzee, orangutan, rhesus macaque, and
common marmoset) using the BLAT software suite (Kent 2002). A triple alignment of each
locus with two outgroups lacking the insertion was created to analyze the local pre-insertion and
post-insertion sequence architecture (available from the Publications section of the Batzer
laboratory website: http://batzerlab.lsu.edu). In these triple alignments, we scanned for the
presence of TSDs and for any target-site deletions present in the pre-insertion sequence, but
absent following the L1 insertion. Additionally, we identified repeated loci that had been mined
from different genomes, but which were orthologous, making sure to only count each locus once,
regardless of how many species by which it was shared. We kept for further analysis all loci,
regardless of the age of the associated L1 element, as long as the integration events had easily
reconstructed pre-insertion sequence architecture.
We chose to retain for experimental validation the 54 loci that matched the following four
criteria: presence of TSDs ≥6bp in length, verifiable pre-insertion sequence structure in at least
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one other primate genome, presence of a poly(T) stretch touching the 5’ TSD and within 20bp of
the 5’ end of the candidate L1 insertion. All analyses were performed by orienting the candidate
L1 in the sense-orientation, unless otherwise specified.
PCR Amplification and Sequencing to Authenticate Candidate Loci
We PCR-amplified all loci on a panel of primate genomes, and sequenced all ambiguous
loci and 20% of the locus set obtained from each genome. We designed primers for each locus
using the Primer3 utility (Rozen and Skaletsky 2000) and performed PCR in 25µl reactions using
15-25ng genomic DNA, 0.28µM primer, 200µM dNTPs in 50mM KCl, 1.5mM MgCl2, 10mM
Tris-HCl (pH 8.4), and 2.5 units Taq DNA polymerase. Thermocycler programs were as
follows: 95°C for 2 min (1 cycle), [95°C for 30 sec, optimal annealing temperature for 30 sec,
72°C for 2 min] (35 cycles), 72°C for 10 min (1 cycle). PCR products were visualized on 1-2%
agarose gels stained with ethidium bromide. For PCR fragments with expected lengths larger
than 1.5kb, ExTaq™ (Takara) was used according to the manufacturer’s specified protocol. All
loci were amplified from the following genomic DNAs: Homo sapiens (HeLa; cell line ATCC
CCL-2), Pan troglodytes (common chimpanzee “Clint”; cell line Coriell Cell Repositories
NS06006B), Gorilla gorilla (Western lowland gorilla; cell line Coriell Cell Repositories
AG05251), Pongo pygmaeus (orangutan; cell line Coriell Cell Repositories GM04272A),
Macaca mulatta (rhesus macaque; cell line Coriell Cell Repositories NG07109), and Aotus
trivirgatus (Owl monkey; cell line ATCC CRL-1556). In some cases, primate panel
amplification did not work with the orangutan genomic DNA and we achieved successful
amplification using two alternative orangutan individuals, Pongo pygmaeus (Bornean orangutan;
cell line Coriell Cell Repositories AG05252) and Pongo abelii (Sumatran orangutan; cell line
Coriell Cell Repositories 12256).
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Each human-specific locus was analyzed to determine whether the candidate insertion
was polymorphic within a panel of 80 individuals (20 African Americans, 20 Asians, 20
Europeans, and 20 South Americans). These loci were further investigated to determine the
length and within-species variability of their poly(T) sequences using internal primers and a
pooled DNA sample comprised of the 80 individuals used above. PCR amplicons of each
poly(T) sequence and <50bp flanking in each direction were size fractionated on 4% high
resolution agarose gels to check for length differences within humans. Primer sequences are
available from the Publications section of the Batzer laboratory website (http://batzerlab.lsu.edu)
and Appendix B (Table S.1).
Outgroup loci were sequenced directly from the PCR amplicons after cleanup using
Wizard® gel purification kits (Promega Corporation) or ExoSAP-IT® (USB Corporation). The
poly(T) loci could not be sequenced directly from PCR products and were cloned into vectors
using the TOPO TA (fragments <2kb) cloning kit (Invitrogen). Following cloning, two to four
colonies were randomly selected for colony PCR. Those colonies that appeared to contain the
insert were then mini-prepped using the manufacturer’s protocol (5PRIME). Sequencing results
were obtained using an ABI3130XL automated DNA sequencer and analyzed using BioEdit
(http://www.mbio.ncsu.edu/BioEdit/page2.html) and the SeqMan and EditSeq utilities from the
DNAStar® V.5 software package. Close inspection of the flanking sequence and the results of
PCR were used to confirm the pre-insertion sequence for each locus from a minimum of one
outgroup genome. Sequences generated in this study have been deposited in GenBank under
Accession Nos. GQ477185–GQ477273.
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Microhomology and L1 Endonuclease Cleavage Site Analyses
The 6bp of the 3’ TSD closest to the insert were compared to the corresponding sequence
at those positions in an alignment of each candidate L1 fragment to the L1 consensus in the
manner described in Sen et al (Sen, Huang et al. 2007). The 3’ junctions of some loci were
excluded from analysis if non-candidate L1 sequence was included in the insert. At the internal
junction between the poly(T) stretch and the 5’ end of the candidate L1, the first 6bp of the L1
were compared to the last 6bp of the poly(T), and the internal junction of a locus was excluded if
any non-candidate L1 sequence was found between the poly(T) stretch and candidate L1.
EN cleavage site analysis of the 3’ target site of each locus for similarity to the preferred
L1 EN cleavage motif (5’-TTTT/A-3’) was carried out by comparing this motif to the first four
bases of the reverse complemented TSD and the first base of the flanking sequence. Differences
in base composition were scored with transitions given a weight of 0.5 and transversions given a
weight of 1.0 (Han, Sen et al. 2005; Zingler, Willhoeft et al. 2005). The frequency of divergence
from the L1 EN cleavage site was then calculated.
The above analyses were performed on the loci with the candidate L1s in the sense
orientation. To investigate the possibility that the candidate L1s were inserted in the antisense
orientation, both microhomology and EN cleavage site analyses were repeated on the reverse
complements of our sequences. In these cases, the 5’ junctions closest to the poly(T) stretches
were analyzed as if they were 3’ poly(A) stretches.
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CHAPTER THREE:
AN ALU-BASED PHYLOGENY OF GIBBONS (HYLOBATIDAE)
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Introduction
Gibbons (Hylobatidae) are arboreal lesser apes indigenous to South East Asia. They
occupy a range stretching from northeastern India south to Sumatra, Borneo and Java, and north
into the southernmost parts of China, with ranges among genera being largely separated by major
rivers (Figure 3.1) (Geissmann 1995). All are threatened or endangered due to human activity,
some critically (Mootnick 2006). Gibbons are by far the most speciose group of apes
(Hominoidea) (Groves 2001), with most of the radiation of extant lineages occurring rapidly
between 6 and 10 mya (million years ago) (Matsudaira and Ishida 2010). They are organized
into 4 genera (Hylobates, Hoolock, Symphalangus, and Nomascus) based primarily upon diploid
chromosome number, and there are between 12 and 15 extant species, according to various
classification schemes (Roos and Geissmann 2001; Chatterjee 2006; Mootnick 2006). The
Hylobatidae represents a valuable perspective on the phylogenetic link between the great apes
and the Old World monkeys (Cercopithecoidea) as well as a useful position just prior to the
radiation of great apes. The Old World monkeys diverged from the apes ~25 mya (Gibbs,
Rogers et al. 2007; Han, Konkel et al. 2007), while the first divergence within the great apes, that
of the orangutan lineage, occurred ~14 mya (Locke, Hillier et al. In Press). Current estimates
show that gibbons diverged from the other apes ~15-18 mya (Carbone, Harris et al. 2009).
While clearly delineated from other apes, questions about the complex systematic relationships
between gibbon genera and species remain contentious (Geissmann 1995). Numerous
phylogenies based on behavior, morphology, geographic distribution, karyotype, and genetic
analyses have been constructed, often leading to more questions than answers (Thinh, Mootnick
et al. ; Garza and Woodruff 1992; Roos and Geissmann 2001; Muller, Hollatz et al. 2003;
Takacs, Morales et al. 2005; Chatterjee 2006; Matsudaira and Ishida 2010). Especially debatable
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are the divergence dates of individual genera and the determination of which lineage is most
basal.

Figure 3.1 – Geographic distribution of the four gibbon genera. The Mekong River divides
the Nomascus and mainland Hylobates groups. The Hoolock and mainland Hylobates groups
are divided by the Salween River. Sympatry exists between Symphalangus and two members of
the Hylobates group, H. agilis, and H. lar, with conspecific breeding likely avoided due to
significant size differences between these taxa. Map after Geismann et al.
(http://www.gibbons.de/main/system/system.html) (Geissmann 1995).
Studies of mitochondrial markers have recently begun to achieve some statistical support
for various phylogenetic hypotheses. A study by Takacs et al. (2005) of sequence from the
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mitochondrial ND3-ND4 region was able to resolve species relationships within genera, but was
unable to resolve relationships between genera. Another more recent mitochondrial study of
complete cytb gene sequences also failed to robustly resolve the branching patterns between the
four genera (Thinh, Mootnick et al.). A third analysis of complete mitochondrial sequences
found Nomascus supported as the most basal group within Hylobatidae (Matsudaira and Ishida
2010). A surprising frequency of chromosomal rearrangement within Hylobatidae, resulting in a
diverse range of diploid chromosome numbers (Nomascus, 2n = 52; Symphalangus, 2n = 50;
Hoolock, 2n = 38; and Hylobates, 2n = 44), has added to the confusion over relationships
between gibbons (Muller, Hollatz et al. 2003; Carbone, Harris et al. 2009).
The use of SINEs (short interspersed elements) as phylogenetic markers has seen
increasing popularity in recent years (Salem, Ray et al. 2003; Shedlock, Takahashi et al. 2004;
Ray, Xing et al. 2005; Nikaido, Hamilton et al. 2006; Herke, Xing et al. 2007; Xing, Wang et al.
2007; Li, Han et al. 2009). SINEs are <500 bp in length and generate new copies of themselves
via reverse transcription of an RNA intermediate into a new position in the genome (Okada
1991). This pattern of mobilization results in an increase in the copy number of most SINEs
within their host genomes. The copies of these elements produce many important impacts on the
structure and function of the genome, especially when their insertion disrupts coding or
regulatory regions (Boissinot, Entezam et al. 2001; Schmid 2003). Coding and regulatory
regions comprise only ~5% of the genome, however, meaning that most new SINE insertions are
likely to cause no disruption during their insertion (Cordaux, Lee et al. 2006). This group of
insertions into neutrally evolving regions of the genome has a number of characteristics that
make them desirable as phylogenetic markers. SINEs are nearly homoplasy-free markers
because the ancestral state of any locus is known to be the absence of the element (Waddell,
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Kishino et al. 2001; Ray, Xing et al. 2006; Xing, Witherspoon et al. 2007). The presence of a
SINE insertion at a specific location within the genomes of two or more lineages is considered
evidence that the insertion occurred at a point in time when the lineages shared a common
ancestor. Potentially homoplasious events, such as precise deletion and parallel independent
insertion, have been shown to be very rare, with most suspected cases being easily resolved by
sequencing the suspicious loci (Ray, Xing et al. 2006). Most loci, however, are quickly and
easily genotyped using a combination of PCR and gel electrophoresis.
The expansion of one particular family of SINEs, the Alu family, has dominated the
radiation of primates since it began ~65 mya (Batzer and Deininger 2002; Deininger and Batzer
2002). Alu elements are the most successful lineage of mobile elements in primate genomes,
being present in ~1.2 million copies in the human genome and having been found in every
primate sequenced thus far (Lander, Linton et al. 2001; Batzer and Deininger 2002; Hedges,
Callinan et al. 2004; Gibbs, Rogers et al. 2007). An Alu element is ~300 bp long and is nonautonomous, meaning that it does not encode the enzymatic machinery necessary for its own
reverse transcription. Instead, Alu elements hijack the enzymatic machinery of a LINE (long
interspersed element), L1 (Schmid 2003). The evolution of Alu elements within the primate
radiation has resulted in a large number of subfamilies of elements, identifiable by the diagnostic
mutations that they share with their progenitor copies (Han, Xing et al. 2005). The mobilization
activity of these subfamilies varies with time, allowing researchers to tailor their assays to
specific subfamilies active only in the lineages and during the time periods in which they are
interested. Because of this, phylogenetic studies of primates using Alu elements as markers have
been increasingly popular, helping to elucidate the relationships in many primate taxa, including
those within the Homininae (Salem, Ray et al. 2003), Catarrhini (Xing, Wang et al. 2005; Xing,
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Wang et al. 2007; Osterholz, Walter et al. 2009), Platyrrhini (Ray, Xing et al. 2005), and
Strepsirrhini (Roos, Schmitz et al. 2004) clades, as well as the more detailed relationships within
the genus Macaca (Li, Han et al. 2009).
The Dollo parsimony method is ideal for use in SINE-based phylogenetic analyses. It
was first developed by Le Quesne to be applied to the use of the acquisition of new enzymatic
pathways in cladistic analyses (Le Quesne 1974). Le Quesne was inspired by the idea that the
evolution of a complex structure should be considered irreversible, a notion first codified by the
paleontologist Louis Dollo in 1890 and now known as Dollo’s Law. The method was formalized
by Farris (1977) and operates on several assumptions that are very well suited to SINE-based
reconstructions (Felsenstein 1979). In this dissertation, we resolve the relationships within
gibbons using Alu elements as phylogenetic markers. We computationally screened the available
genomic sequences of Nomascus leucogenys that have been generated as part of the ongoing
gibbon genome project. PCR assays in a panel of 15 primate species, including 10 gibbon
species, produced 132 gibbon-specific Alu insertions that were used to generate a phylogeny of
the Hylobatidae.

Methods
Computational Analysis of Candidate Loci
Genomic sequence generated by the gibbon sequencing consortium for Nomascus
leucogenys leucogenys (Northern White-Cheeked Gibbon) in the form of a large number of
sequenced BAC clones was obtained from the Ensembl database system (Hubbard, Aken et al.
2009). A local installation of RepeatMasker was then used to scan the sequences on the sensitive
setting in order to classify all identifiable repetitive sequences (Smit 1996-2004). Next, in-house
Perl scripts were used to filter the RepeatMasker output, keeping only those sequences that
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contained Alu elements classified by RepeatMasker in the AluYc3 subfamily. These were found
to have been misidentified, however, and were instead members of the AluYd3a1_gib subfamily,
which was not in the RepeatMasker RepBase library available at the time of analysis (Jurka
2000). This yielded a total of 9701 candidate sequences that contained putatively gibbonspecific Alu insertions.
These computationally-derived candidates were then queried against four available
outgroup genomes, the human (hg19), chimpanzee (panTro2), orangutan (ponAbe2), and rhesus
macaque (rheMac2), using BLAT searches (Kent 2002) via the UCSC Genome Bioinformatics
website (http://genome.ucsc.edu/). Only those sequences whose putatively gibbon-specific Alu
insertions were not present at the orthologous loci in the outgroups were retained for further
analysis. Additionally, the position of each orthologous position in the human genome was
noted for each candidate sequence that passed BLAT analysis. Since the Ensembl dataset
represents an as yet unassembled genome, many of the sequences are duplicate reads of the same
region. The orthologous human positions of the gibbon-specific Alu insertions were used to
identify all sequences that corresponded to a single locus. A total of 430 gibbon-specific
candidate loci were identified in this manner.
PCR Amplification of Candidate Loci
Flanking oligonucleotide primers for PCR amplification of each gibbon-specific Alu
element were designed using the CLC Main Workbench v.5 software suite
(http://www.clcbio.com/index.php?id=92). This involved the creation of an alignment of each
gibbon sequence to any orthologous sequences obtained from the outgroup genomes. The
gibbon-specific Alu element and ~20bp of flanking sequence upstream and downstream were
designated as the region to amplify (Figure 3.2). Next, the suggested primers were screened
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computationally against available the available human, chimp, orangutan, and rhesus macaque
genomes using the In-Silico PCR function available at the UCSC Genome Bioinformatics
website. This was done to reaffirm the established gibbon-specificity of the locus to be
amplified and to determine if the primer pairs amplified single loci (i.e. they were not designed
within other repeats). Of the 430 candidate loci, only 231 had sufficient unique flanking
sequence available to allow primers to be designed that passed In-Silico PCR analysis.

Figure 3.2 – Illustration of how multiple alignments of orthologous loci are used to design
primers for lineage-specific insertions. The multiple alignment was performed using Clustal
X. The gibbon sequence is Nomascus leucogenys leucogenys and contains a gibbon-specific Alu
insertion (indicated by the 300 bp region in the center that does not match the other sequences).
Also included in this alignment are Homo sapiens, Pan troglodytes, Pongo pygmaeus, and
Macaca mulatta. The grey rectangle shows the location of the Alu insertion in the gibbon. The
arrows indicate the orthologous flanking regions in which primers are designed that will match
all five species in the alignment.
Because our supply of some gibbon species and individual DNA was limited, and to
verify that our primers amplified unambiguous loci and absent sites in non-gibbon primates, we
first PCR-amplified each Alu insertion locus against a primate panel consisting of one of each of
the following species: Homo sapiens (human), Pan troglodytes (common chimpanzee), Gorilla
gorilla (Western lowland gorilla), Pongo pygmaeus (Bornean orangutan), Hylobates lar (whitehanded gibbon, PR00715), Nomascus gabriellae (red-cheeked gibbon, PR00652), and
Symphalangus syndactylus (siamang, KB11539), and Chlorocebus sabaeus (green monkey)
(Table 3.1). Of the 231 primer pairs tested, pairs that did not result in amplification in many
species, amplified multiple paralogous fragments in each species, or produced smears were
removed from further analysis. The remaining primer pairs were tested against a larger gibbon
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panel consisting of 27 individuals representing 15 species as follows: one Homo sapiens
(human), one Pan troglodytes (common chimpanzee), one Gorilla gorilla (Western lowland
gorilla), one Pongo pygmaeus (Bornean orangutan), four Nomascus leucogenys (white-cheeked
gibbon), two Nomascus gabriellae (red-cheeked gibbon), three Hylobates moloch (silvery
gibbon), one Hylobates agilis (agile gibbon), one Hylobates albibarbis (Bornean white-bearded
gibbon), one Hylobates muelleri (Müller’s Bornean gibbon), two Hylobates lar (white-handed
gibbon), two Hylobates pileatus (pileated gibbon), three Hoolock leucodenys (Eastern hoolock),
three Symphalangus syndactylus (siamang), and one Chlorocebus sabaeus (green monkey)
(Table 3.1).
Due to the limited quantity of genomic DNA available for some individuals, some
samples were subjected to whole genome amplification using the GenomiPhi genome
amplification kit (Amersham, Sunnyvale, CA, USA) following the manufacturer’s instructions.
PCR amplification was performed in the following conditions: 25 μl total volume using 15 ng of
template DNA, 200 nM of each primer, 200 μM dNTPs in 50 mM KCl, 1.5 mM MgCl2, 10 mM
Tris-HCl (pH 8.4), and 2 units of Taq DNA polymerase. PCR reaction conditions were as
follows: an initial denaturation at 95°C for 1 minute, followed by 32 cycles of denaturation at
95°C, annealing at 55°C, and extension at 72°C for 30 seconds each, followed by a final
extension of 72°C for 1 minute. Products were run out on 2% agarose stained with 0.25ug
ethidium bromide and visualized with UV flourescence. The complete list of loci and primer
sequences are available in Appendix B (Table S.2).
Phylogenetic Analysis
A total of 132 loci amplified in a majority of the gibbons in the 27 individual panel as
well as in at least 4 of the 5 outgroups, and were therefore used in the phylogenetic analysis.
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Table 3.1 – DNA samples of all individuals used in the phylogenetic reconstruction of the
Hylobatidae.
Species Names
Nomascus leucogenys leucogenys
Nomascus leucogenys leucogenys
Nomascus leucogenys leucogenys
Nomascus leucogenys leucogenys
Nomascus gabriellae
Nomascus gabriellae
Hoolock leucodenys
Hoolock leucodenys
Hoolock leucodenys
Hylobates moloch
Hylobates moloch
Hylobates moloch
Hylobates agilis
Hylobates albibarbis
Hylobates muelleri
Hylobates lar
Hylobates lar
Hylobates pileatus
Hylobates pileatus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Homo sapiens
Pan troglodytes
Gorilla gorilla
Pongo pygmaeus
Chlorocebus sabaeus

Common Names
Northern white-cheeked gibbon, “Asia”
Northern white-cheeked gibbon, “Vok”
Northern white-cheeked gibbon, “Khao”
Northern white-cheeked gibbon, “China”
Red-cheeked gibbon, “Enik”
Red-cheeked gibbon
Eastern hoolock, “Betty”
Eastern hoolock, “Maung Maung”
Eastern hoolock, “Drew”
Silvery gibbon, “Lionel”
Silvery gibbon, “Dieng”
Silvery gibbon, “Madena”
Agile gibbon, “Ruby”
Bornean white-bearded gibbon, “Jakarta”
Müller’s Bornean gibbon, “Shannon”
White-handed gibbon, “Buster”
White-handed gibbon
Pileated gibbon, “Domino”
Pileated gibbon, “Maggie”
Siamang, “Karenina”
Siamang, “Monty”
Siamang
Human, HeLa
Common chimpanzee, “Clint”
Western lowland gorilla
Bornean orangutan
Green monkey

Origin
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
IPBR†
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
Carbone*
IPBIR†
Carbone*
Carbone*
Carbone*
Carbone*
SDFZ§
ATCC‡
Coriell#
Coriell#
Coriell#
ATCC‡

ID Number
NLL605
NLL600
NLL606
92
990838
PR00652
HH305
HH308
HL307
HMO894
98274
HMO892
15353
212067
8136
9087
PR00715
HP120
8097
SS901
SS901
KB11539
CCL-2
NS06006B
AG05251
A605252
CCL-70

* DNA from Dr. Lucia Carbone, Oregon Health & Science University (OHSU), Portland, OR, USA.
† Integrated Primate Biomaterials and Information Resource, http://www.ipbir.org.
§ Frozen Zoo, San Diego Zoo, http://conservationandscience.org.
‡ Cell line provided by American Type Culture Collection.
# Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ 08103, USA.

Each locus for each individual was scored based on whether it amplified as a filled site (presence
of an Alu insertion), an empty site (absence of an insertion), or showed no amplification or
multibanding (unknown insertion status) (Figure 3.3). Filled sites were scored as a “1”, empty
sites were scored as a “0”, and unknown sites were scored as “?”. Scores were input using the
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Figure 3.3 – PCR amplification assay demonstrating how gibbon-specific Alu insertion
polymorphisms can be used to distinguish lineages. The five gel electrophoresis images show
the PCR amplification products from five primer sets in seven primate species, including five
gibbons, one hominid and one Old World monkey. The DNA template for each lane is shown at
the top and the locus is indicated in the upper-right of each image. Larger bands indicate “filled”
sites in which Alu elements have inserted, while lower bands indicate “empty” sites containing
no Alu insertion. (A) An Alu insertion present in all gibbon species from all four genera. (B) An
Alu insertion present only in Nomascus, Hoolock, and Hylobates. (C) An Alu insertion restricted
only to Nomascus and Hoolock. (D) An Alu insertion that is Nomascus-specific. (E) An Alu
insertion that is present only in the species Nomascus leucogenys.
58

Mesquite program (http://mesquiteproject.org/) and all loci were set to Dollo.up for parsimony
analysis. The matrix used in the analysis can be found in Appendix B (Table S.3).
A heuristic search in PAUP* 4.0b10 (Swofford 2000) was performed as described by
Xing (2005). Briefly, Chlorocebus sabaeus was set as the outgroup and all loci were treated as
individual insertions following the criteria required for Dollo parsimony analysis. Trees and
statistics were generated by PAUP*; the nexus data file used is available upon request. Because
of the polytomy exhibited in the Hylobates branch, tree space was limited to 100 trees. 10,000
bootstrap replicates were run to provide percentage support for each branch under the majority
rule tree, which omits bootstrap values less than 50% per branch (136 steps; consistency index
(CI) = 0.9412; homoplasy index (HI) = 0.0588; retention index = 0.9339). The statistically
significant number of SINE insertions required for acceptance is provided under the likelihood
model described by Waddell (Waddell, Kishino et al. 2001) (Figure 3.4). Additionally, PAUP*
was used to generate a neighbor-joining tree from the data (Figure S.1). Trees were visualized
using the FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).

Results and Discussion
Computational Data Mining of the Nomascus leucogenys leucogenys Genome
The unassembled sequence data available from the Northern white-cheeked gibbon
(Nomascus leucogenys leucogenys) genome sequencing project consists of 750,923 sequences
generated via combined whole genome shotgun plasmid, fosmid, and BAC end sequences. We
analyzed the repetitive content of this dataset using the RepeatMasker program. We identified
9,701 sequences of interest that contain Alu elements identified as belonging to the AluYc3
subfamily via an in-house Perl script (available upon request). These sequences were subjected
to BLAT alignment to determine whether the Alu of interest was shared with outgroup species
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Figure 3.4 – Cladogram of Hylobatidae phylogenetic relationships derived from 132 Alu
insertion polymorphisms. Amplification patterns of insertion loci were used to construct a
Dollo parsimony tree of genus-level gibbon phylogenetic relationships using Chlorocebus
sabaeus as an outgroup. Also included is Pongo pygmaeus, the orangutan, which is the hominid
that diverged from other hominids relatively soon after gibbons diverged from other hominoids.
The numbers above the branches are percentage bootstrap replicates (10,000 iterations)
producing trees that include that node. Numbers below the branches in parentheses indicate the
number of unambiguous Alu insertions supporting the node. The significance level of each node
supported by insertions as determined by likelihood testing is indicated by either * (p < 0.05) or
** (p < 0.01).
from the Hominidae (human, chimpanzee, and orangutan), or the Old World monkeys (rhesus
macaque). Later, we found that those Alu insertions that were gibbon-specific were not, in fact,
AluYc3 elements, but were actually members of a previously-reported gibbon-specific
subfamily, AluYd3a1_gib. This subfamily, while present in the RepBase database was not
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included in the repeat library used in the RepeatMasker analysis, explaining the initial
misidentification.
The N. l. leucogenys genome will be a 6x coverage genome once assembly is complete.
However, at the time of analysis, the sequence was unassembled, and as a result many of the
sequences analyzed were duplicate reads. Some loci were present in a single copy, but others
were present in the dataset more than 35 times. In total, 430 unique, computationally-derived
candidates containing a gibbon-specific Alu element were identified (Figure 3.2).
PCR Assays of Gibbon-Specific Alu Insertions
Multiple alignments of gibbon and outgroup sequences and automated primer design was
attempted for all 430 computational candidates. Some loci were removed from analysis due to a
lack of sufficient or unique sequence flanking the Alu insertion in which to design primers.
Primers were tested using In-Silico PCR to determine whether they would amplify single loci in
most of the outgroups. A total of 231 primer pairs passed this scrutiny and were then used in wet
bench PCR verification.
Each primer set was first amplified on a panel of primate DNA representing one
individual from each of 8 species, three of which were gibbons. Those primer pairs that
amplified well on this panel and indicated gibbon-specificity were then run against the second,
larger primate panel. This panel included 27 individuals from 15 species; 22 of these individuals
were gibbons from 10 gibbon species including species from each of the 4 gibbon genera.
The 132 primer sets that cleanly amplified single loci in a majority of the species on the
panel were scored for use in the phylogenetic analysis. Figure 3.3 demonstrates how lineagespecific insertions can be used to infer the phylogenetic relationships between groups. Primers
that produced smears or multiple non-specific banding patterns were removed from further
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analysis. Several primer pairs produced double-banding patterns in some species or individuals.
These loci may represent a useful set of markers for population genetics studies of these species,
as such patterns may be indicative of heterozygous individuals, indicating an insertion that is still
polymorphic in the population (Cordaux, Srikanta et al. 2007; Ray, Walker et al. 2007). Other
possible explanations for such loci include an Alu insertion that occurred after a duplication
event generated two paralogous regions or introgression stemming from recent hybridization
events (Xing, Wang et al. 2007). These loci were noted for use in a possible future study and
removed from further use in the phylogenetic reconstruction.
Dollo Parsimony is Ideally Suited to SINE-Based Phylogenetic Studies
The Dollo parsimony method applies whenever complex characters that can be
genotyped as either present or absent are used in phylogenetic reconstruction (Le Quesne 1974;
Farris 1977). The method assumes that (1) we know that the ancestral state of the character; (2)
characters evolve independently; (3) lineages evolve independently; (4) characters have a very
small probability of acquisition over the evolutionary time relevant to the current analysis; (5) a
reversion event is very improbable, though not quite so improbable as an acquisition event; (6)
the retention of a polymorphism at the locus is assumed to be highly improbable; (7) the lengths
of branches in the true tree are not so unequal that a long branch containing two changes is as
probable as a short branch containing one (Felsenstein 1979).
The insertion of a SINE, such as an Alu element, into a genome can be thought of as the
acquisition of a complex trait by the genome. A full-length Alu element is ~300 bp long with a
recognizable nucleotide sequence (Batzer and Deininger 2002). Since most new insertions occur
in non-coding and non-regulatory regions of the genome, they are unlikely to be subject to
selective pressure, and will therefore drift towards fixation in the population (Cordaux, Lee et al.
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2006). This means that a new insertion locus will go to fixation in the population at a rate of
1/(2N), making the retention of an insertion in the population, much less its fixation, relatively
rare over generational time (Kimura 1979). Due to these features, the Dollo parsimony method
is very well suited to the analysis of SINEs.
The assumptions of the Dollo parsimony method are well tolerated by SINE-based
analyses. The ancestral state of any SINE insertion is known to be the absence of the insertion
(Okada 1991). While there may be some preference for insertion sites in different mobile
elements, as long as two different insertions both integrate into neutral regions of the genome,
they can be assumed to evolve independently. The assumption of lineage independence depends
on the individuals being sampled, but as long as the samples being used were not obtained from
an as yet unidentified hybrid, this assumption should stand up. A SINE insertion at a particular
locus and its retention at detectable frequencies in the population are most definitely rare over
evolutionary time. The precise deletion of a SINE insertion is known to be very rare (Ray, Xing
et al. 2006). However, under the Dollo method, the loss of the character could also mean the
degradation of the insertion such that it is unrecognizable or such that primers no longer bind.
The assumption of rare polymorphisms only comes under threat of being invalidated when
analyzing the most recent insertions. In the case of the phylogenetic analysis performed in this
study, most of the lineages analyzed likely diverged from one another at least 6 mya (Matsudaira
and Ishida 2010), making loci that are still polymorphic between the species unlikely. Several
loci that amplified in some individuals or species with both filled and empty sites, and which
therefore could have represented polymorphic loci, were noted in the PCR verification. These
were not used in the construction of our phylogeny, however. Lastly, over the evolutionary time
frame being studied, and given the known rarity of parallel independent insertions of Alu
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elements (Ray, Xing et al. 2006), it is unlikely that any of the branches of interest are so
disproportionate in length as to violate this branch length assumption of the Dollo parsimony
method.
Phylogenetic Relationships within the Hylobatidae
In total, we used 132 loci in the phylogenetic analysis. A heuristic search using the Dollo
parsimony method was performed, with Chlorocebus sabaeus designated as the outgroup taxon.
109 of the loci were found to be parsimony informative, resulting in a single most parsimonious
tree (136 steps; consistency index (CI) = 0.9412; homoplasy index (HI) = 0.0588; retention index
= 0.9339) (Figure 3.4). 10,000 bootstrap replicates were performed as well as a likelihood test
based on the number of unambiguous Alu insertions supporting each node (Waddell, Kishino et
al. 2001). Bootstrap values, significance levels, and the number of supportive insertions for each
node are indicated in Figure 3.4. The likelihood tests of every internal node within the
phylogenetic tree were found to be significant. A neighbor-joining tree was also generated on
the data and this tree had a completely consistent topology to the Dollo parsimony tree (see
Figure S.1 in Appendix B).
The topology of our tree clearly defines relationships between the four extant genera
within Hylobatidae: Nomascus, Hoolock, Hylobates, and Symphalangus. Previous attempts to
reconstruct a genus-level tree for Hylobatidae have resulted in many different topologies
(Geissmann 1995), most of them being relatively poorly supported, likely due to the relatively
recent, rapid radiation within the group. Our finding for the most basal lineage is consistent with
some of these previous studies. We demonstrate significant support for Symphalangus as the
most basal lineage within the family. This was the finding in a previous study utilizing
morphometric data (Creel and Preuschoft 1984) and one cytochrome b analysis (Garza and
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Woodruff 1992). However, this is inconsistent with another, more recent cytochrome b analysis
(Thinh, Mootnick et al. ; Chatterjee 2006) as well as analyses of morphological and behavioral
characters (Haimoff, Chivers et al. 1982), chromosomal homology (Muller, Hollatz et al. 2003),
and the mitochondrial control region (Roos and Geissmann 2001). Our findings also place
Nomascus as a derived lineage, sister to Hoolock, with the Nomascus-Hoolock group sister to the
Hylobates. Many of the previous studies placed Nomascus as the most basal clade (Roos and
Geissmann 2001), representing a distinct difference in our reconstruction from most previous
ones. Additionally, we may speculate as to the biogeographical implications of our phylogeny.
The range of Symphalangus is restricted to higher altitudes in Thailand and Indonesia, but during
glacial maxima, the sea levels were significantly lowered and the various landmasses in which
modern gibbons are found were connected. The common ancestor of all modern gibbons may
have lived in the Thai peninsula or Indonesia, and as the radiation occurred, first Symphalangus
diverged and was isolated in its mountainous habitat, and next the common ancestor of
Nomascus and Hoolock migrated north to diverge occupy Eastern and Western territories distinct
from their Southern relatives in the Hylobates (Figure 3.1).
The inconsistency with which the topology of the gibbon genus-level tree has been
resolved in the past is presumably the result of the rapid radiation of extant genera. However,
introgression may also play a large role. Most of the studies of gibbon phylogenetics involve
samples taken from either zoo specimens or specimens from captive breeding programs.
Gibbons are notoriously difficult to reliably identify to the species level and hybridization in
captivity is known to occur (Mootnick 2006). If such hybrids were misidentified as purebred
individuals in previous studies, they could potentially confound the true phylogenetic signal. In
fact, the individual sampled need not be a direct hybrid, as such introgression events could have
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occurred several generations past and still adversely affect identification. Introgression events
are more likely to become a problem for Alu-based analyses when dealing with population
genetics-level studies, though. For our study, however, we believe it is unlikely that sufficient
introduction of Alu insertion loci from other lineages is likely to have occurred via hybridization
between members of different genera. The Alu markers developed by this and future analyses
will help conservation efforts by providing relatively cheap and quick assays by which to
determine the species identity of individuals being selected for breeding programs.

Conclusions
This study represents the first use of SINEs to study the phylogenetic relationships within
family Hylobatidae. Using a combination of computational and wet bench techniques, a total of
132 loci containing gibbon-specific Alu insertions were found. These were used to generate a
phylogenetic hypothesis of gibbon phylogeny, with statistically significant support for all
internal branches. The nearly homoplasy-free nature of Alu insertions is ideally suited to the
Dollo parsimony method for the reconstruction of well-supported primate phylogenies. We
found Symphalangus to be the most basal lineage, followed by a divergence between the
Hylobates and a clade consisting of Hoolock and Nomascus. The two Nomascus species
analyzed, N. leucogenys and N. gabriellae, were also well supported as a clade to the exclusion
of Hoolock. The most striking difference between our tree and those produced in previous
analyses is the grouping of Nomascus with Hoolock as the most derived clade. We speculate that
hybridization and rapid radiation may have contributed to the complex, contradictory, and often
poorly supported findings of previous studies. Additionally, our findings may inform future
studies of the biogeographical history and distribution of modern gibbon species. It is our hope
that the primers developed in this study will provide a means by which individuals may be
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quickly and inexpensively genotyped by conservation workers so that hybridization can be
avoided in breeding programs.
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CHAPTER FOUR:
CONCLUSIONS

71

About 45% of the human genome is made up of recognizable mobile elements, the vast
majority of which are retrotransposons (Cordaux and Batzer 2009). These retrotransposons have
risen to comprise so significant a portion of our genomes due to the mechanisms by which they
produce copies of themselves, utilizing an RNA intermediate and reverse transcribing new
copies into the genome, that result in an increase in copy number over time (Smit, Toth et al.
1995; Batzer and Deininger 2002). Approximately 50% of the genome is so-called “dark
matter”, or sequence of unknown origin and no known function. This has led some to speculate
that much of the dark matter may have been derived from ancient retrotransposon insertions, that
have become so degraded over time as to be currently unrecognizable. If this is true, then we
may well owe over half of our genomic content to the activity of these emergent, selfish bits of
DNA.
The size of our genomes may be the least of the effects these mobile elements have had
on our evolution, however. The activity of retrotransposons is known to be a substantial driver
of genomic dynamism. The high degree of homology present between copies of retrotransposon
families provides a plethora of locations at which non-homologous allelic recombination may
occur, resulting at times in the formation of chimeric sequences, exon shuffling, deletions,
duplications, and inversions (Moran, DeBerardinis et al. 1999; Gilbert, Lutz-Prigge et al. 2002;
Han, Sen et al. 2005; Xing, Wang et al. 2006; Han, Lee et al. 2007; Lee, Han et al. 2008). In
many cases, these rearrangements have been shown to disrupt genes, producing disease
phenotypes (Batzer and Deininger 2002; Wheelan, Aizawa et al. 2005; Hedges and Deininger
2007). So dangerous is the activity of these elements that the genome appears to have developed
a number of countermeasures by which retrotransposons are prevented from mobilizing (Nisole,
Lynch et al. 2004; Sayah, Sokolskaja et al. 2004; Hulme, Bogerd et al. 2007; Slotkin and
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Martienssen 2007; Lees-Murdock and Walsh 2008; Hollister and Gaut 2009; Kano, Godoy et al.
2009; van der Heijden and Bortvin 2009).
There is another side of the coin to consider, however. While there are disease-causing
effects of mobile element activity, there may also be benefits to consider. The genomic fluidity
that results from the myriad insertions and recombination-mediated rearrangements undoubtedly
adds to the diversity of sequence available for evolution to act upon. In other words, while the
negative effects of mobile elements are well-documented, they may also substantially increase
the rates of genomic innovation (Cordaux and Batzer 2009). It is speculated that this may
provide some positive benefit whereby the negative selection against deleterious insertions may
be, at least in part, balanced.
Another effect of so large a proportion of our genome being derived from mobile
elements is the fact that new insertions are unlikely to land in coding or regulatory sequences.
Such insertions should be neutral to selection so long as they are not involved in any postinsertion recombination events that affect gene products. These insertions may be of use in a
different fashion to us, acting as nearly homoplasy-free phylogenetic markers that are cheaply
and easily assayable (Ray, Xing et al. 2006). Such markers can be used for forensic, population
genetic, or phylogenetic analyses (Cordaux, Srikanta et al. 2007; Herke, Xing et al. 2007; Ray,
Walker et al. 2007; Warren, Hillier et al. 2008). And with the ever-increasing catalog of
available sequenced genomes and bioinformatics software, obtaining new lineage-specific loci to
inform such studies is only becoming easier.
In chapter two, we investigated a set of L1 insertions with unique sequence structures
indicative of non-canonical insertion mechanisms. Our analyses led us to conclude that these
insertions were the result of a variant of the twin priming mechanism, in which the L1 mRNA
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anneals at two positions, one on the bottom and one on the top strand, allowing two L1 RT
complexes to prime and begin reverse transcription simultaneously. Twin priming is itself a
variant of classical TPRT, but produces an inverted portion of the inserted L1 sequence. Our set
of 39 loci, computationally data-mined from all currently-available, assembled genomes of
Catarrhines (Old World monkeys and apes), did not at first appear to be inverted, but presented a
homopolymeric stretch of thymines at the 5’ end of a truncated, sense-oriented L1 insertion
within the TSDs. PCR and Sanger cycle sequencing allowed us to characterize the sequence
structure of all loci in detail, including the reconstruction of the pre-insertion sequences at
orthologous loci. Analyses of the microhomology and endonuclease cleavage sites provided
evidence that the loci were, indeed, inverted, and that the homopolymeric stretches, the poly(A)
tails, were the only portion of the L1 sequence that was inserted in the sense orientation. The
lack of microhomology at the internal junctions of these loci suggests a possible role for nonhomologous end-joining DNA repair mechanisms in the formation of the insertions.
Additionally, we proposed an alternative mechanism to the twin priming variant we term dual
priming that may also produce the same sequence structure. While these insertions represent a
small number of events over the course of the last ~25 million years, their investigation has
expanded our understanding of how insertion mechanisms may not always function in the
standard fashion, leading to non-standard sequence structures.
In chapter three, we identified lineage-specific Alu insertions from the sequenced, but
unassembled, genome of Nomascus leucogenys leucogenys. Of the 430 computationallypredicted lineage-specific insertions, we were able to design primers for 231 loci. 132 of these
were found to be phylogenetically informative when PCR amplification was performed on a
panel of 27 primates, 19 of which were gibbons representing 10 species from all four genera
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within the Hylobatidae. Using the Dollo parsimony method, we were able to construct a
phylogenetic tree resolving the relationships between the four gibbon genera (Nomascus,
Symphalangus, Hoolock, and Hylobates) with robust likelihood support for all internal nodes that
placed Symphalangus as the most basal gibbon lineage and supported a sister-relationship
between Nomascus and Hoolock. Most gibbon species are threatened or endangered, and have
been extirpated from large portions of their historic ranges. They are unique members of the
apes, being at once the most speciose group as well as the least well-studied members of the
Hominoidea. Their genomes show evidence of substantial genomic rearrangements throughout
their radiation over the last 15-18 million years, with chromosome numbers ranging from 38 to
52. These characteristics make gibbons the targets of intensive conservation efforts, including
captive breeding programs for which species identification is necessary to preserve genetic
diversity within the wild populations. These efforts can be complicated by the similarity
between the appearance and vocalization of many gibbon species, limiting conservation workers’
ability to determine the identities of some individuals and prevent hybridization. We hope that
the primers generated for the Alu insertions used in this study will be used by conservation
workers as a molecular dichotomous key, allowing the typing of individuals into species groups.
In summary, the evidence that retrotransposons have been significant contributors to
genomic dynamism continues to mount. This trend is likely to become only more prevalent as
the costs of sequencing and assembling full genomes drops and the speed with which they can be
finished increases. The era of personal genomics is dawning, and the study of the differences
between individuals on the genome scale has already been found to be greater than expected.
Copy number variations (CNVs) will undoubtedly contribute significantly to these variations
(Redon, Ishikawa et al. 2006), but retrotransposon-mediated genomic rearrangements are sure to
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play a significant role as well (Beck, Collier et al. 2010; Iskow, McCabe et al. 2010; Lupski
2010). This genomic fluidity results sometimes in diseases and at other times in genomic
innovation. The diversity of retrotransposon insertions also provides a rich source of markers
with such diverse applications as crime scene investigation and conservation biology. We have
only scratched the surface of what retrotransposon biology and its effects on our genomes have
to offer.
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APPENDIX A:
LIST OF ABBREVIATIONS
BLAT

Blast-Like Alignment Tool

EN

Endonuclease

HERV

Human Endogenous Retrovirus

IS

Intergenic Spacer

L1

Long Interspersed Element-1

LTR

Long Terminal Repeat

ME

Mobile Element

NAHR

Non-Allelic Homologous Recombination

NHEJ

Non-Homologous End Joining

ORF

Open Reading Frame

PCR

Polymerase Chain Reaction

RM

RepeatMasker

RT

Reverse Transcriptase

SINE

Short Interspersed Element

SVA

SINE-r; VNTR; HERV-like region

TE

Transposable Element

TPRT

Target-Primed Reverse Transcription

TSD

Target Site Duplication

UTR

Untranslated Region

VNTR

Variable Number of Tandem Repeats
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APPENDIX B:
SUPPLEMENTAL DATA
Table S.1 - Primer sequences and expected sizes of filled and empty amplicons for all L1
insertion-associated 5’ homopolymeric sequence loci.
Locus

Forward

Reverse

Filled

Empty

pT43

CACTCCTGCAGGGCACTAAATA

GGCAGTATGGCTTTACAGTTGC

766

587

pT44

CCTGAGAAGTTCCCCAAAGT

GCAAGAAGAACTAGGGAACCAG

850

183

pT79

CTCCCAGCTTCAAGTGTTTCTC

ACTAGCAAACTGCATCTGACGA

2441

470

pT144

AGACGACTGGCATTTTCCTCTA

ATAGTGAGGGGATTTTTCAGCA

1449

337

pT145

TGCGGTTCTGATGGCTCT

TTACTCATCCAGGAATCACAGC

595

55

pT325

CTAGGCTCATCTCCAGCAATC

GTAGAGAGGCTTCCCCCATTC

400

195

pT415

CAAAGTACTGCCAGCCAAGG

GTGGTTTCCTAGGGCCTACC

948

591

pT439

CCTTGGCCATACAATCTAAAGG

TAAATGTGAACCCAAAGGCTCT

1996

876

pT458

AGATATGTTGGCGCATTTTCTG

GCAACAGAACAGATGAGAAAGG

678

429

pT546

GATGTGCTGCCTAGAACTGC

GCAGGCCAATCAGTGTGTTC

1129

186

pT684

GCCACACTCTCTCATCTCTTCC

CCGCCTCACCAATACAAACA

302

129

pT424

TGATCCACATTATACTCCAGTGATG

TCCTTATTGGCGTCAGGTTTAT

967

212

pT512

ACACAGCTTCCCAACTGGTAGT

GAGGAAAGAGGCACCCTAACTT

1589

165

pT1223

TCACTAGGGAGTGTGATGTTGC

GCCATGTCCGAATATAGTACCC

1432

388

pT1279

CCCAGTCAAGAAATACCCAGAC

CATACTGCCTATGCACTGCTTC

2469

437

pT1309

ATGGCTATCCATCAGCAATACA

GATGATCCCCAACAAGAAAAGA

479

242

pT1313

ACCTAAGGAAATCCCACGCTAT

TTGAGTCTGCTTTTGACTTTGC

494

108

pT1350

TGTCTGTGCTCTGTTTCTGG

CCATTCACAGGCATGAACCT

968

489

pT1362_5p

TGGTGGTGACAAAGTCTCTCAG

CAGAGGGGCTCCTCACTTC

467

~

pT1362_3p

GTGACTTCAGCTCTCTGATGGA

GACTTGCTGCAACCTCTACCTC

311

~

out

TGGTGACAAAGTCTCTCAGCAT

GTTAGCTGGGATGGTCTCAATC

~

219

pT1389

ACGGGACCTCTACTATTTCTGC

CAAGCAACCCTCCCTCCT

850

145

pT1404

AGAGAAGGGCTGCTGTAGACTG

GAGGGCTTCCTAGAGATGATGA

1180

252

pT1416

GTGGGCTAAGCAGAGAGTAGGA

CTCACAGCAATTACTCCACCTG

1382

581

80

pT1431

ACATCCTCTGTTCTGTTGGTGA

GGGATAGACAGGTGAATGGGTA

569

106

pT1448

TGCAGGAGGGTTGAAATC

TGAGATCTGCTGCTCACAAG

700

379

pT1465

AGATGCTGTGATGAAGATGCTC

GCATCATTGCTGTGTCTAATGC

843

657

pT1535

AGCATTGGTCTTCCGCATAC

GAGGGGGTGTACTAACAAAAGG

362

182

pT1538

GATGGACTTCCAATCGTGTTCT

GGCATTCCAATAAATGCTCCAG

1050

550

pT1554

CAGTCTTGCTGAACCTTCACTC

GACCCAACCCAATCCTTGTA

364

152

pT1709

AGGAGGAGTAGAGATGGGCATT

TTGACATCCCACACCACAGT

535

143

pT1712

TTCTTCCACTTCTCCTGGTGAC

ACAGGGCACAGCCATGTAAC

316

190

pT1743

GATTGGCAGGCCTGATTG

CTTGAGGGACCATATGGCTAAG

350

186

pT1785

CTGTACCTGAGGACCTCTGAGC

CTAAAAGGGAGCCAAGTGCTAA

1642

237

pT1790

GGTCCGTGTGAAACCTGTCT

CAACTAGCCTTCCACCTTGG

571

255

pT1796

GGAACCCCTGATAATATGTGGA

AGCTGGGTCTGTAATGGACAAT

828

~

out

CCTCATAGGTAGGGCTCTGGA

CAGAGCTGGGTCTGTAATGG

1634

955

pT1798

CATGAGTGGTGAAGGCACAA

CCAGTCAAAGCTTGCCTCCT

411

177

pT1834

GGCTGCTATGCTCAAACAAC

GTGTGATCCCCGACACATAGAT

625

150

out

CACAACCTGAGGAACATTGAGA

GCCTAATGTGGCATTTAGAAGG

~

571

pT1846

CCTAGAGAGCCATGGAGGTATG

CTAACAGAGGCAGGTGGCTTTA

382

307

pT1855

AATACAGCTCGCCTCACTGG

AGAATGGCTTCCAGGACAGG

393

124

pT1896

GTCTCTTTGGCCCTCTTGCT

GTAAGCACTGAGGCCACACCT

389

270

81

Table S.2 - Primer sequences for all informative loci used in the resolution of the gibbon
phylogenetic tree.
Locus

Forward

Reverse

A1

CATGTCAGAATTTGGTCTGAGG

CAGCTTGAACATCCTTGCTACC

A101

TTCAAGCAATTCTCTGCC

TGCTCCCACTCACTAGTC

A102

TTTTACACTACCACCCTGAGGAA

GCTGGAGGCATTACACTACCTT

A103

ATGTTTACACGTCAGGAAG

AAGAGGCACAAAGTAGTTAG

A106

GAAGATGGTAAAGGGGTCATA

GAGTAAGTTGAGTCATGTG

A108

TGCAGACACCTCCCCTGT

CTCACTCTTCCTGCCACAGAA

A11

ATCCCACCTTCTACCTGCTTTC

GTGCATTGTTTAGGAGTATAAATATG

A136

AAAGTCAGTTGGGGAAATGT

AGGACCCACTAATGCAGA

A139

TTTTGTCTCAGGGTTGGC

GAGTTGTAGTAAGTTTGTCAGG

A144

AGGGAATCATCTTTCTGAGG

CTTTACTCTCTGTTCATGGC

A145

AACTATACTCTCACAAAGCC

TAAGTATGTTGTCCATTGCC

A149

CCCAGGTTTTAGTCTCTT

GGTAAATGTGTGCAGATAG

A169

GGGATTTTCAGATGCAGGT

TTAGGTGCTCCAGGCTTC

A170

CGTCGGCATCTGTATTTTAT

AGATCCACGTCAACATTCCA

A189

TTCCATTCTCCTCATCACTTTC

TGCACAAGCTTCAATAGC

A193

GGTTAGGTGACTTTGTGCTT

AATTGGTCTGAGGTAGGG

A201

GAGTTAATAGATCTGGATTGGGAG

TGTGCTGGTTCCACTTGT

A202

TCAGTGCTCATAGTTGTC

TTTCCCAAGAAACCATCC

A210

GACAGCAAGAAACTGAAG

AGGATAGGACAATAGGCT

A211

GTATGGCTGGTGTAATTGAG

GACAGGTGATCATACAGTAA

A214

TTTTCTCTCACTCTTACCTC

TCTACCCACAGCTATATTCT

A219

GGATTAAAGGTAAGCATGGG

TTTAGTAGACATGGGTTTCG

A228

TGTGCCTAGAATGAAGAGGA

GTGAGGTAAGAGCTGTGTAT

A244

TTGGCAAAGATGTGGAGA

GTAGGATTGCTGGTAGTT

A268

CCACAGCTTCAGGAGAAT

GGCACACAGAGAATCCTT

A269

CTCTTCCCATTTCAGTTTG

GATGGGTAATCAGAGAGATG

A31

CCCAGACATCCAAAATCA

ACAGGAAGAAGAGGTAGAAA

82

A32

AAAACACGTCAACATCAGGAGA

TGCTTCTATCAGTGTTTTGCAG

A39

CTGTGAGACATCAGCTCAGGA

TTCCTGCCACAGAAAGCAC

A40

GGAGATTATCTAAGTCAACCCTTCT

GGACTGCATGTTGTATTGTTGA

A41

CTGAAGAAGCCTGAATGAAAGT

CAGACTGACTACAAAGGCTTCAGA

A44

CCATTCCTAGTACTGTCTTTCATACA

CATCTTTGATTTCTTTCTTGGAA

A45

AGAGAGGGAAAGTGGAGAAAAA

GGGAACTCAATAGACCCTTTCA

A46

GTTTAGACTTGGGGTCCCCTTC

GGTACGGAGGTATTTTGGCTTT

A47

AAATTCCACACCTGACCT

GTCTTAAATGGTCATGCTCT

A48

AGACATTTAGCCCATTTGATGC

GCTAGTGAGGGGAGGACACAT

A49

CTTCCCACTTCAAAAACCAAAC

GGAAGGCAGCATTTCTAATACA

A50

CACTGCTGAAAATACCCTGTTG

CTGCTTGGGTCATCTTACAAAA

A53

ACAGGCTCCAGCTTATAGCTCA

AGCACCATGTCACTTAGCCTCT

A56

CAAGACTCTGTCCCAAAGGAAA

GGTGGCAACATGGATAATACTG

A57

GGAAGAGAAAAGGGGAAGGA

AGCAGGGAAGGTTAAAACAGG

A60

ATAGCGATGATGTTTCCAC

CCTGTTTGCCTTCCCACT

A61

GGAAGTTGGAGAGTTCTTTGAA

TCTGGAGAGCGATAAAGAAATACC

A62

GCAATGAGGGTAGAATGGAAGA

GTTGGCTGCATAAACTATGATG

A63

GGAAGGCAGCATTTCTAATACA

GGGGGATGTATAGTTTGAAGAGG

A64

GTCTCTAAGTCCTCCTTCTC

CATAGCCACTTTCCAGTC

A65

ACTCCCAACCTTGCTTGCTAC

ACAGAGTCTCAGAACAACATGC

A69

TACCTCATAGGATTTGGGGATG

TGTTTCCCTTCTTAATGCACTG

A70

GTGTGCCCTCATGAAATTTGTA

TCTTTCTGGCTAACACCAATCC

A72

GAGAGAGAGAAATAGACACAGA

TCGCCCTAACCCATGTCAT

A75

GGTATTAGTGGTTGTCTTTG

GAACACTGAGAAAGAAAGG

A79

TTTGGTTTTATGCTCCTGAATTA

ACCTTGGTCTCCCAAAGTGTA

A80

TCTCTTCCCTCTTTCCTT

GGTATTAGGTTGTCATCACT

A84

AAAGTACAGAAAGAGGGAG

AGCCAGTATAGGAAGAACAT

A85

GGCTTATTTGGGTGTAATGTGAA

CAGAGAAGAATGAGGGCAAAG

A97

GTAGCCACTGGAGTTACATACTTTT

GGACATGCTTGCTAACTGTGTT

A99

GTTTACCCCATTACACCAAA

CCGTGTAGCCCTCAGCAAA

83

E10

TGGACTCTGAGCTGTTTGTTCT

GCCTTTGTATTTCATTCATTCATTC

E11

TTGCAGGTGTTACAGACAGAAGA

AGGCAAGAGATTTTCCCCTATC

E12

CTGTGGTCCTGACCAGCTTT

TGGGGCCCTGTAGATGATAATA

E24

GAAAATGGGGATAATAGTGGG

AGGAAGTAGATGGAAAGGAA

E25

GCTAAAATCTCTGAACTCCA

TTCCTCTCTTGCTTTTCACT

E27

AGGTGGATTATAACAATGGC

ATGTACATACAGGCATTTGG

E28

GAAAGGAATGTTGATGGCTG

CTGCTGTTTCTTTTGTCTGA

E29

GATGAGAAGAGACTGGAGGA

CTCATGCCCAAAGTAGAAT

E3

TCTGACAAAAGGCAAGAGTTCA

AGCTGATTAGGGTCGTTCAAAT

E4

AAAGAATGATGTCTGCCTGTCC

CTTCCTTTCCTTTGCCTGTTTA

E40

ACTAGACAAGACCAAGGAAC

ATGTCTGAATGTCCTAAGTG

E42

ACTACCTGTCTCTCTAG

TCAGAATCCACTTGTCACA

E47a

ACTGAGAGATACAGAAATGG

CTGCACTCACCTAGTTTT

E47b

GCTCCCTTATCCTCAATTT

CTTTACAGTAGACGCCCTT

E5

TCAGACTTTTCCTGACAGAAAGC

TCTCCCATGTAGGATGTTTGAA

E50

GGTAACAAAAACTCAGCTCA

GTGGGGAAGGAAAGAGGA

E53

GTTGGGCAAATTGTATGG

GTGGAAGTTTTGATGGGAA

E54

CAAGAGCTTAGAGGAAGGCAT

TATTCTGTATCTTGCTGGGG

E58

CAAGACCCCCATCTCTAAAAA

GCAGAAAACAAGAAGAAAGAGC

E6

GCCAAACTAAGTAGCCACTGGA

GGACATGCTTGCTAACTGTGTT

E61

CCACCTTCTCCAATCTCA

GGAAGCAGTTATCAAAGTG

E62

ACTGCCTGACTTTTCCTTA

CGAGACAGAAGGATTGCT

E63

TCTCCATGTCCCCAAACTAC

CTGATAAATATGGTGGTGGT

E66

CTGATAAATATGGTGGTGGT

GGCAGGTATAATGCAATTGT

E7

CCACAAACTTCATTTTCTGCTACAC

CAGCTTGAACATCCTTGCTACC

E8

CATGTCAGAATTTGGTCTGAGG

TAAAATGTCAAACCTCCCCAAG

E9

TAAGCCCTCCAAGTCTGTTCTT

CATCTAATTTAGCACAGCCA

M1

CATCTAATTTAGCACAGCCA

ATTCCTCCTTCAGCTCAAGC

M104

TTTATGTTCTAGTGGGCATGG

CTCCTCAGCACGTGTCACTAAC

M105

CTCCTGACCTCAGGTGATCC

AGCGATTGGCTGACTAAACC

84

M11

TCATGCTGCTGTAAAGAC

CCTTTTGTCACCTCATTTTCTG

M110B

GAAATAGTCATGGGGAGAATGG

GCTATCAATTTTGTGGCTACTCC

M111

GCTATCAATTTTGTGGCTACTCC

GGGCTGACAGGCAGAGTAAG

M116

ATACTCGCCTATGATGCC

AATTCAGTTCTGCCCACT

M117

AAGCTCAAGAAGGGCAGCTC

GGACCAATAAGAAAAGGCAATC

M12

TCTCCCTGGACCATAAGC

GGAAAGGAGTGAACCATAG

M13

CATATACCAAGATAGACCC

CTATATATTTCCCTCTCAGC

M138

GTTGGGTCTATAGCTGTT

GACTTGGCATAGGGATTT

M143

CCCTGACCATTGTTTCAAA

TACTCCCTCACAGTCCCA

M157

AAATGCAAGAGGGAAAACAAAG

GGATGCTGTGGGTGTGACTG

M161

GGGCAACAGGGTAAGAAT

GGGAAGAAGCAAGAGTGGA

M165

AGTGTGCCCTCATGAAAT

ACCAATCCATCCTTTAAGTCTC

M172

AAAAGATGTTTGGAAGCTCTCG

CAAGCTAAAGTACAAAGGGCTGAC

M178

CAAAGTAGGGGGTGTAAATTAAGG

GAGGGAGCTGATTATGTAGG

M189

TTTGCATCTGGCATAGTGTG

AACATGGAATCAGCTCTGC

M192

AACATGGAATCAGCTCTGC

AAAGTTATTCCGGCGACTTTC

M24

CCTTCCTTAGCTCTCCCT

AAGGTAAGAGAGGTAAAGAAGG

M3

TGTGCTCTCAACAGTGTG

ACAATTCTCCACTTCACC

M33

GACACCTTCCCGTCAATA

GTTCTTCCAGCTTTCCTCC

M37

GTAATGTGATACAGCTGATG

GGTCTTACCCACAATTTTAC

M38

GTTCTTGTGATGGTGCTTTTC

TTGACTTGACCACTGCTTT

M4A

GAAGGAAGAATGTGGTGTGAAG

CACACACCTGAGCTAACT

M4B

TGATTTCCTCAGCTATGGTGTG

GTCCAGCACAAAGTAAAAGC

M40

TAAAGAGTGGTATGTGGGC

TATGGTATCTCTGGCCTG

M41

TGTTCTGATTAGGTGCTG

CATCACAATTCAGGAACAC

M42

CGAGATTTTGCAGGATAC

TCCATTCACTTTCTCCTC

M43

GACTGCCTAATCTGCTAA

GCAACAACATCACAGTAG

M44

CACTTCACAGCTTAAGAAC

CCACCTCAGTTTCCCAAA

M46

GGTTCTGCCTTATATTCCTT

TTCTTTAAGGTCCACAGG

M54

GGAGAACATGATTAGGTAAC

GTTTCACTTTCCCTGTGTT

85

M6

TCTGTTGTCCCATCTCTT

GAGGGTTATTATGGTGGG

M64

CAGCCAGCATACATCAAAA

CTGAGCTTTCCACTGATAC

M67

ACCATTATGAACAGGCCTA

GCTTTCACATTTTCCCCTT

M70

GAACATCCACCTGCTATG

TCAGCCCCTGTAAAACAT

M72

CGGACAAAATTTAACAACAACAAC

CCCCAGATATTGAACAGTTGTC

M79

AAATATCCCCACTGCAAC

AACTGATTTTGGAGGGTG

M8

GTGTTTGTTCCCCTGTATTT

GGCAATTAACAGGATCTC

M81

GGCAATTAACAGGATCTC

TTTGCCTAGATCCATCAG

M84

TTGGTTTTGAGATTTTAAACCATTA

GCTCACCCAGGAAGAAAAAGAT

M85

GGCTAGCTCGAGTTCTTCTCAG

ACTGTTAAGTGGGAGTTTGGTG

M86

TGTACCTCGAGCAATACGACCT

GTCAGGCTGAAGCAAAAGATG

M87

CTTGATCATATCCATGTTAAGTCC

AACTGTTAATAACGTAGAATGGAAGTT

M90

CCCCAGAACTCCTTGTAGAGG

CCCAAACACCCAGAATAATGTT

M92

CCTTGTAAAATGCTTACCACAATC

GTCAAAGGGCACATGCTTTC

M96

GCCCTCTTTAATTCCAAGGAGA

GATCCCTAGAGACTACCTAATCTGAC
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Locus

Pongo pygmaeus

Nomascus leucogenys

Nomascus gabriellae

Hylobates lar

Hoolock leucodenys

Symphalangus syndactylus

Chlorocebus sabaeus

Locus

A63

0

1

1

1

1

1

?

M110b

0

1

1

1

1

1

0

0

A64

0

0

0

0

0

0

0

M111

0

1

1

1

1

1

?

A102

0 1 1

1

1

1

?

A65

0

1

1

1

1

1

0

M116

0

1

1

1

1

1

0

A103

0 1 1

1

1

1

0

A69

0

1

1

?

1

1

0

M117

0

1

1

1

1

1

0

A106

0 1 1

0

0

0

0

A70

0

1

1

1

1

1

0

M12

0

1

1

1

1

1

0

A108

0 1 1

0

1

1

0

A72

0

1

1

1

1

1

0

M13

0

1

1

1

1

1

0

A11

0 1 1

1

1

1

0

A75

0

1

1

1

1

1

0

M138

0

1

1

0

0

0

0

A136

0 1 1

0

0

0

0

A79

0

1

0

0

0

0

0

M143

?

1

1

0

0

0

0

A139

0 1 1

1

1

1

0

A80

0

1

1

1

1

1

0

M157

0

1

1

1

1

1

0

A144

0 1 1

1

1

1

0

A84

0

1

1

1

1

1

0

M161

0

1

1

1

1

1

0

A145

0 1 1

1

1

?

0

A85

0

1

1

1

1

1

0

M165

0

1

1

0

0

0

0

A149

0 1 1

1

1

1

0

A97

0

1

1

?

1

1

0

M172

0

1

?

1

1

1

?

A169

0 1 1

1

?

?

?

A99

0

1

1

1

1

1

0

M178

0

1

1

1

?

1

?

A170

0 1 1

1

1

1

0

E10

0

1

1

1

1

1

?

M189

?

1

1

1

1

1

0

A189

0 1 1

?

1

?

0

E11

0

1

1

1

1

0

0

M192

0

1

1

1

1

1

0

A193

0 1 1

1

1

1

0

E12

0

1

0

1

0

0

0

M24

0

1

1

1

1

1

0

A201

0 1 1

1

1

1

0

E24

0

1

1

1

1

1

0

M3

0

1

1

0

0

0

0

A202

0 1 1

1

1

1

0

E25

0

1

1

1

1

1

0

M33

0

1

1

1

1

1

0

A210

0 1 1

1

1

1

0

E27

0

1

1

0

1

0

0

M37

0

1

1

0

0

0

?

A211

0 1 1

1

1

1

0

E28

0

1

1

1

1

1

0

M38

0

1

1

1

1

1

?

A214

0 1 1

1

1

1

0

E29

0

1

0

0

0

0

0

M4

0

1

1

1

1

1

0

A219

0 1 1

1

1

1

0

E3

0

1

1

1

1

1

0

M4

0

1

1

1

1

1

0

A228

0 1 1

1

0

0

0

E4

0

1

1

1

1

1

0

M40

0

1

1

1

1

0

0

A244

0 1 1

1

1

1

0

E40

0

0

0

0

0

0

0

M41

0

1

1

1

1

1

0

A268

?

1 1

0

1

1

0

E42

0

1

1

?

1

1

0

M42

0

1

1

1

1

1

0

A269

0 1 1

1

1

1

0

E47a

0

1

1

1

1

1

0

M43

0

?

0

0

0

0

0

A31

0 1 1

1

1

1

0

E47b

0

1

1

0

0

0

0

M44

0

1

1

1

1

1

?

A32

0 1 1

1

1

1

0

E5

0

1

1

1

1

1

0

M46

0

1

1

0

0

0

0

A39

0 1 1

1

1

0

0

E50

0

1

1

1

1

1

0

M54

0

1

1

0

0

0

0

A40

0 1 1

1

1

1

0

E53

0

1

1

1

1

1

0

M6

0

1

1

?

1

1

?

A41

0 1 1

?

?

?

?

E54

0

1

1

1

1

1

0

M64

0

1

1

1

?

1

0

A44

0 1 1

1

1

1

0

E58

0

1

1

0

0

0

0

M67

0

1

1

1

1

1

0

Chlorocebus sabaeus

Chlorocebus sabaeus
0

1
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Symphalangus syndactylus

Symphalangus syndactylus
1

0

Hoolock leucodenys

Hoolock leucodenys
1

1

Hylobates lar

Hylobates lar
1

0 1 1

Nomascus gabriellae

Nomascus gabriellae

0 1 1

Nomascus leucogenys

Pongo pygmaeus
Nomascus leucogenys

A1
A101

Pongo pygmaeus

Locus

Table S.3 – Matrix of Alu insertion polymorphism values used to perform Dollo parsimony
analysis. The species indicated are those used to generate the genus-level phylogeny described
in Chapter 3: Pongo pygmaeus (orangutan), Nomascus leucogenys (Northern white-cheeked
gibbon), Nomascus gabriellae (red-cheeked gibbon), Hoolock leucodenys (Eastern hoolock),
Symphalangus syndactylus (siamang), and Chlorocebus sabaeus (green monkey). 0 indicates
amplification of the empty site (no Alu insertion), 1 indicates amplification of the filled site (Alu
insertion present), and ? indicates non-amplification or non-specifric amplification.

A45

0 1 1

1

1

1

0

E6

0

1

1

1

1

1

0

M70

0

1

1

1

1

1

0

A46

0 1 1

1

1

1

0

E61

0

1

1

0

0

0
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M72
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1
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1
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A47
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E62

0
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1

0

0
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M79

0
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1
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1
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A48

0 1 1

1

1

1

?

E63

0

1

1

0

0

0

0

M8

0

1

1

0

1

1

0

A49

0 1 1

1

1

1

0

E66

0

1

1

1

1

1

0

M81

0

1

1

1

1

1

0

A50

0 1 1

1

1

1

1

E7

0

1

1

0

1

0

0

M84

0

?

0

0

0

0

0

A53

0 1 1

1

1

0

0

E8

0

1

0

0

0

0

0

M85

0

?

?

0

1

0

0

A56

0 1 1

1

1

1

0

E9

0

1

1

1

1

1

0

M86

0

1

1

0

0

0

0

A57

0 1 1

1

1

1

0

M1
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1

1

1

1

1

?

M87

0

1

1

1

1

1

0

A60

0 1 1

1

1

1

0

M104

0

1

1

1

1

1

0

M90

0

1

1

0

0

0

0

A61

0 1 1

1

1

1

0

M107

0

1

1

0

0

0

0

M92

0

1

1

0

0

0

0

A62

0 1 1

0

0

0

1

M11

0

1

1

1

1

1

0

M96

0

1

1

1

1

1

0
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Figure S.1 – Comparison of phylogenetic relationships derived from 132 Alu insertion
polymorphisms using Dollo parsimony and neighbor-joining methods. Amplification
patterns of Alu insertion loci were used to generate a Dollo parsimony tree (left) and a neighborjoining tree (right) of the genus-level gibbon phylogenetic relationships. Note that the overall
topology of both trees is identical. Chlorocebus sabaeus was used as the outgroup. Homo
sapiens, and Pongo pygmaeus, both Homonids, were also included in the reconstruction. The
numbers above the branches indicate the percentage of bootstrap replicate trees (10,000
iterations) that included each node. Numbers below the branches in parentheses indicate the
number of unambiguous Alu insertions supporting the node. The significance level of each node
supported by insertions as determined by likelihood testing is indicated by either * (p < 0.05) or
** (p < 0.01).
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